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Sunyer et al. 
(1997) 

Multicity, Europe 
(Barcelona, 
Helsinki, Paris, 
London) 

Period of Study: 
1986-1992 

Outcomes (ICD 9): Asthma (493) 

Age groups analyzed: <15, 15-64 

Study Design: Time-series 

Statistical Analyses: APHEA protocol, 
Poisson regression, GEE; meta-
analysis 

Covariates: Humidity, temperature, 
influenza, soybean, long-term trend, 
season, day of wk 

Season: Cool, Oct-Mar; Warm:  

Apr-Sep 

Statistical Package: NR 

Lag: 0,1,2,3 and cumulative 1-3 

24-h median (range) (µg/m3) 

Barcelona: 53 (5, 142) 

Helsinki: 35 (9, 78) 

London: 69 (27, 347) 

Paris: 42 (12, 157) 

# of stations: 

Barcelona: 3 

London: 2 

Paris: 4 

Helsinki: 8 

SO2 

black smoke 

O3 

Increment: 50 µg/m3 of 24-h avg 
for all cities combined 

Asthma  

15-64 yrs  

1.029 [1.003, 1.055] lag 0-1 

1.038 [1.008-1.068] lag 0-3, 
cumulative 

<15 yrs  

1.026 [1.006, 1.049] lag 2 

1.037 [1.004, 1.067] lag 0-3, 
cumulative 

1.080 [1.025, 1.140] – Winter only

Two-pollutant models:  

NO2/Black smoke 

15-64 yrs  

1.055 [1.005, 1.109] lag 0-1 

15-64 yrs 1.088 [1.025, 1.155] 
cumulative  
0-3  

<15 yrs  

1.036 [0.956, 1.122] 

NO2/SO2 

<15 yrs  

1.034 [0.988, 1.082] 

Schouten et al. 
(1996) 

Multicity, The 
Netherlands 
(Amsterdam, 
Rotterdam) 

Period of Study:  

04/01/77-09/30/89 

Outcomes (ICD 9): All respiratory 
(460-519), COPD (490-2, 494, 496), 
Asthma (493) 

Age groups analyzed: 15-64, 65+, all 
ages 

Study Design: Time-series 

Statistical Analyses: APHEA protocol, 
Poisson regression 

Covariates: Long-term trend, season, 
influenza, day of wk, holiday, 
temperature, humidity 

Season: Cool, Nov-Apr; Warm: May-
Oct 

Statistical Package: NR 

Lag: 0,1,2 days; and cumulative 0-1 
and  
0-3 day lags  

24-h avg NO2 

Amsterdam 

Mean/Med: 50/50 µg/m3 

Rotterdam 

Mean: 54/52 µg/m3 

Daily max 1 h 

Amsterdam 

Mean/Med: 75/75 µg/m3 

Rotterdam 

Mean/Med: 82/78 µg/m3 

# of stations: 1 per city 

SO2 

BS 

O3 

Increment: 100 µg/m3 increment 

All respiratory, Amsterdam 24 h 
mean; 1-h max 

15-64 yrs RR 0.890 [0.783, 
1.012]; 0.894 [0.821, 0.973] lag 1 

>65 yrs RR 1.023 [0.907, 1.154]; 
0.996 [0.918, 1.080] lag 2 

All respiratory, Rotterdam 24 h 
mean; 1-h max (1985-89) 

15-64 yrs RR 0.965 [0.833, 
1.118]; 1.036 [0.951, 1.129] lag 1 

>65 yrs RR 1.172 [0.990, 1.387]; 
1.073 [0.970, 1.186] lag 0 

COPD, Amsterdam, 24-h mean,  

All ages RR 0.937 [0.818, 1.079] 
lag 1 

Asthma Amsterdam, 24-h mean,  

All ages RR 1.062 [0.887, 1.271] 
lag 2 

COPD, Rotterdam 24-h mean 

All ages RR 1.051 [0.903, 1.223] 
lag 2 
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Ponce de Leon 
et al. (1996) 

London, England 

Period of Study:  

04/1987-1988;  

1991-02/1992 

Outcomes (ICD 9): All respiratory 
(460-519) 

Age groups analyzed: 0-14, 15-64, 
65+, all ages 

Study Design: Timeseries 

N: 19,901 

Statistical Analyses: APHEA protocol, 
Poisson regression GAM 

Covariates: Long-term trend, season, 
influenza, day of wk, holiday, 
temperature, humidity 

Season: Cool, Oct-Mar; Warm:  

Apr-Sep 

Dose-Response Investigated: Yes 

Statistical Package: SAS 

Lag: 0,1,2 days, 0-3 cumulative avg 

NO2 24-h avg: 37.3 ppb, 
Med: 35 

SD = 13.8 

IQR: 14 ppb 

1-h max: 57.4 ppb, 

Med: 51 

SD = 26.4 

IQR: 21 ppb 

# of stations: 2 

SO2; r = 0.45 

BS; r = 0.44 

O3 

Increment: 90th-10th percentile  
(24-h avg: 27 ppb) 

All yr  

All ages 1.0114 [1.006, 1.0222] 
lag 2 

0-14 yrs 1.0104 [0.9943, 1.0267] 
lag2 

15-64 yr 1.0113 [0.9920, 1.0309] 
lag 1 

≥65 yr 1.0216 [1.0049, 1.0386] 
lag 2 

Warm season  

All ages 1.0276 [1.0042, 1.0515] 
lag 2 

0-14 yrs 1.038 [1.0009, 1.0765] 
lag 2 

15-64 yr 1.0040 [0.9651, 1.0445] 
lag 1 

>65 yr 1.0326 [0.9965, 1.0699] 
lag 2 

Cool season  

All ages 1.0060 [0.9943, 10177] 
lag2 

0-14 yrs 1.0027 [0.9855, 1.0202] 
lag2 

15-64 yr 1.0136 [0.9920, 1.0357] 
lag 1 

>65 yr 1.0174 [0.9994, 1.0358] 
lag 2 

Atkinson et al. 
(1999a) 

London, England 

Period of Study:  

1992 to 1994 

Days: 1096 

Outcomes (ICD 9): All respiratory 
(460-519), Asthma (493), Asthma + 
COPD (490-6), Lower respiratory 
disease (466, 480-6) 

Age groups analyzed: 0-14, 15-64, 
65+, all ages 

Study Design: Time-series 

N: 165,032 

Statistical Analyses: APHEA protocol, 
Poisson regression 

Covariates: Long-term trend, season, 
influenza, day of wk, holiday, 
temperature, humidity 

Season: Cool, Oct-Mar; Warm: Apr-
Sep 

Dose-Response Investigated?: Yes 

Statistical Package: SAS 

Lag: 0,1,2 days, 0-1, 0-2, 0-3 cum. 
avg. 

NO2 1-h mean: 50.3 ppb, 
SD = 17.0, 

Range: 22.0, 224.3 ppb, 
10th percentile: 34.3, 
90th percentile: 70.3 

# of stations: 3; r = 0.7, 0.96 

O3, 

CO, 

PM10, 

BS, 

SO2 

Increment: 36 ppb (90th-10th 
centile) 

All ages 

Respiratory 1.64% [0.14, 3.15] 
lag 1 

Asthma  

1.80% [-0.77, 4.44] lag 0 

0-14 yrs 

Respiratory 1.94% [-0.39, 4.32] 
lag 2 

Asthma  

1% [-1.42, 5.77] lag 3 

15-64 yrs 

Respiratory 1.61% [-0.82, 4.09] 
lag 1 

Asthma  

5.08% [0.81, 9.53] lag 1 

65+ yrs 

Respiratory 2.53% [0.58, 4.52] 
lag 3 

Asthma 4.53% [-2.36, 11.91] lag 3

COPD 3.53% [0.64, 6.50] lag 3 

Lower Resp. 3.47% [0.08, 6.97] 
lag 3 
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Spix et al. (1998) 

Multi-city (London, 
Amsterdam, 
Rotterdam, Paris), 
Europe 

Period of Study: 
1977 and 1991 

Hospital Admissions 

Outcomes (ICD 9 codes): All 
respiratory  
(460-519); Asthma (493) 

Age groups analyzed: 15-64, 65+ 

Study Design: Time-series 

# of Hospitals:  

Statistical Analyses: Poisson 
regression following APHEA protocol. 
Pooled meta-analysis adjusted for 
heterogeneity 

Covariates: Trend, seasonality, day of 
wk, holiday, temperature, humidity, 
unusual events (strikes, etc.) 

Statistical Package:  

Lag: 1 to 3 days  

NO2 daily mean (µg/m3) 

London 35 

Amsterdam 50 

Rotterdam 53 

Paris 42 

SO2, O3, BS, TSP Increment: 50 µg/m3. 

All cities, yr round 

15-64 yrs RR 1.010 [0.985, 
1.036] 

 Warm RR 1.00 [0.96, 
1.04] 

 Cold RR 1.01 [0.98, 
1.04] 

≥65 yrs RR 1.019 [0.982, 1.060] 

 Warm RR 1.02 [0.99, 
1.06]  

 Cold RR 1.00 [0.98, 
1.03] 

Wong* et al. 
(2002) 

London England 
and Hong Kong 

Period of Study:  

London: 1992-
1994 

Hong Kong:  

1995-1997 

Days: 1,096 

Outcomes (ICD 9): All respiratory 
admissions (460-519); asthma (493)  

Age groups analyzed: 15-64, 65+, all 
ages 

Study Design: Time-series 

Statistical Analyses: APHEA protocol, 
Poisson regression with GAM 

Covariates: Long-term trend, season, 
influenza, day of wk, holiday, 
temperature, humidity, thunderstorms 

Season: Cool, Oct-Mar; Warm: Apr-
Sep 

Dose-Response Investigated?: Yes 

Statistical Package: S-Plus 

Lag: 0,1,2,3,4 days, 0-1 cum. avg 

24 h NO2 µg/m3 

Hong Kong 

Mean: 55.9 

Warm: 48.1 

Cool: 63.8 

SD = 19.4 

Range: 15.3, 151.5 

10th: 31.8 

50th: 53.5 

90th: 81.8 

London 

Mean: 64.3 

Warm: 62.6 

Cool: 66.1 

SD = 20.4 

Range: 23.7, 255.8 

10th: 42.3 

50th: 61.2 

90th: 88.8 

# of stations: 

Hong Kong: 7; r = 0.65, 0.90 

London: 3; r = 0.80 

Hong Kong 

PM10; r = 0.82 

SO2; r = 0.37 

O3; r = 0.43 

London 

PM10; r = 0.68 

SO2; r = 0.71 

O3; r = -0.29 

Increment: 10 µg/m3 

Asthma, 15-64 yrs 

Hong Kong  

ER -0.6 [-2.1, 1.0] lag 0-1 

ER -1.3 [-2.6, 0.1] lag 1 

Warm: ER -0.5 [-2.7, 1.6] lag 0-1 

Cool: ER -0.6 [-2.8, 1.6] lag 0-1 

London  

ER 1.0 [0.0, 2.1] lag 0-1 

ER 1.1 [0.2, 2.0] lag 2 

Warm: ER 0.6 [-0.8, 2.0] lag 0-1 

Cool: ER 1.3 [-0.1, 2.8] lag 0-1 

Respiratory 65+ yrs 

Hong Kong  

ER 1.8 [1.2, 2.4] lag 0-1 

ER 1.3 [0.8, 1.8] lag 0 

Warm: ER 0.8 [0.1, 1.6] lag 0-1 

Cool: ER 3.0 [2.1, 3.9] lag 0-1 

+O3: ER 1.6 [1.0, 2.3] lag 0-1 

+PM10: ER 1.7 [0.8, 2.7] lag 0-1 

+SO2: ER 1.6 [0.8, 2.4] lag 0-1 

London  

ER -0.1 [-0.6, 0.5] lag 0-1 

ER 0.9 [0.5, 1.3] lag 3 

Warm: ER 0.6 [-0.2, 1.4] lag 0-1 

Cool: ER -0.7 [-1.4, 0.0] lag 0-1 

+O3: ER -0.1 [-0.5, 0.6] lag 0-1 

+PM10: ER -0.4 [-1.2, 0.4] lag 0-1 

+SO2: ER -0.2 [-0.9, 0.5] lag 0-1 
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Anderson et al. 
(1998) 

London, England 

Period of Study: 
Apr 1987-Feb 
1992 

Days: 1,782 

Outcomes (ICD 9): Asthma (493) 

Age groups analyzed: <15, 15-64, 
65+ 

Study Design: Time-series 

N: 16 

Statistical Analyses: APHEA protocol, 
Poisson regression 

Covariates: Time trends, seasonal 
cycles, day of wk, public holidays, 
influenza epidemics, temperature, 
humidity  

Season: Cool: Oct-Mar; Warm: Apr-
Sep 

Dose-Response Investigated?: Yes 

Statistical Package: S 

Lag: 0,1,2 days 

24-h avg NO2 (ppb) 

Mean: 37.2 

SD = 12.3 

Range: 14, 182 

5th: 22 

10th: 25 

25th: 30 

50th: 36 

75th: 42 

90th: 50 

95th: 58 

1-h max NO2 (ppb) 

Mean: 57.2 

SD = 23.0 

Range: 21, 370 

5th: 35 

10th: 38 

25th: 44 

50th: 52 

75th: 64 

90th: 81 

95th: 98 

Number of stations: 2 

O3 

SO2 

BS 

Increment: 10 ppb in 24-h NO2 

0-14 yrs 

Whole yr RR 1.25 [0.3, 2.2] lag 2; 
RR 1.77 [0.39, 3.18] lag 0-3 

+ O3 RR 1.13 [-0.10, 2.36] 
lag 2 

+ SO2 RR 0.97 [-0.05, 1.99] 
lag 2 

+ BS RR 2.26 [0.83, 3.71] 
lag 2 

Warm season RR 1.42 [-0.3, 
3.17] lag 2; RR 3.01 [3.8, 5.72] 
lag 0-3 

Cool season RR 1.18 [0.02, 2.35] 
lag 2; RR 1.22 [-0.48, 2.96] lag 0-
3 

15-64 yrs 

Whole yr RR 0.95 [-0.26, 2.17] 
lag 0; RR 0.99 [-0.36, 3.36] lag 0-
1 

Warm RR 0.46 [-1.70, 2.67] lag 0; 
RR 0.05[-2.45, 2.61] lag 0-1 

Cool season RR 1.21 [-0.22, 2.5] 
lag 0; RR 1.43 

[-0.18, 3.06] lag 0-1 

65+ yrs 

Whole yr RR 2.96 [0.67, 5.31] lag 
2; RR 3.14 

[-0.04, 6.42] lag 0-3 

+ O3 RR 4.51 [1.43, 7.69] 
lag 2 

+ SO2 RR 2.49 [-0.25, 5.31] 
lag 2 

+ BS RR 1.88 [-1.49, 5.36] 
lag 2 

Warm RR 1.89 [-2.41, 6.38] 
lag 2;  

RR -1.76 [-7.27, 4.07] lag 0-3 

Cool season RR 3.52 [0.81, 6.30] 
lag 2; RR 5.57 [1.85, 9.43] lag 0-3
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Anderson et al. 
(1998) (cont’d) 

   + O3 RR 5.14 [0.69, 9.79] 
lag 2 

+ SO2 RR 2.10 [-1.08, 5.39] 
lag 2 

+ BS RR 4.47 [-0.04, 9.19] 
lag 2 

All ages 

Whole yr RR 1.25 [0.49, 2.02] lag 
2; RR 2.05 [0.96, 3.15] lag 0-3 

+ O3 RR 1.08 [0.12, 2.05] 
lag 2 

+ SO2 RR 0.99 [0.18, 1.81] 
lag 2 

+ BS RR 1.23 [0.47, 2.00] 
lag 2 

Warm RR 1.15 [-0.25, 2.57] 
lag 2; RR 1.54 [-0.54, 3.67] lag 0-
3 

Cool season RR 1.30 [0.38, 2.23] 
lag 2; RR 2.26 [0.94, 3.59] lag 0-3

+ O3 RR 0.50 [-0.79, 1.81] 
lag 2 

+ SO2 RR 1.10 [0.12, 2.08] 
lag 2 

+ BS RR 1.29 [0.37, 2.22] 
lag 2 

Anderson et al. 
(2001) 

West Midlands 
conurbation, 
United Kingdom  

Period of Study: 
10/1994-12/1996 

Hospital Admissions:  

Outcomes (ICD 9 codes): All 
respiratory (460-519), Asthma (493), 
COPD (490-496, excluding 493) 

Age groups analyzed: 0-14, 15-64, 
65+ 

Study Design: Time-series 

Statistical Analyses: Followed APHEA 
2 protocol, GAM 

Covariates: Season, temperature, 
humidity, epidemics, day of wk, 
holidays 

Statistical Package: S-Plus 4.5 Pro 

Lag: 0,1,2,3, 0-1, 0-2, 0-3 

1-h max avg: 37.2 ppb, 
15.1 (SD) 

Min: 10.7 ppb 

Max: 176.1 ppb 

10th: 22.9 ppb 

90th: 51.7 ppb 

# of monitors: 5 

PM10; r = 0.62 

PM2.5; r = 0.61 

PM2.5-10; r = 0.25 

BS; r = 0.65 

SO4; r = 0.30 

SO2; r = 0.52 

O3; r = 0.08 

CO; r = 0.73 

Increment: 25.5 ppb (90th – 10th) 

All respiratory 

All ages 1.7% [-0.2, 3.7] lag 0-1 

0-14 yrs 2.3% [-0.6, 5.3] lag 0-1 

15-64 yrs 0.0% [-3.7, 3.8] lag 0-1  

≥65 yrs 1.0% [-1.8, 3.9] lag 0-1 

COPD with asthma 

0-14 yrs 4.0% [-2.0, 10.2] lag 0-1 

15-64 yrs -3.3% [-10.4, 4.4] lag 0-
1 

≥65 yrs 2.5% [-2.1, 7.3] lag 0-1 

Prescott et al. 
(1998) 

Edinburgh, United 
Kingdom 

Period of Study: 
10/92-6/95 

Outcomes (ICD 9): Pneumonia (480-
7), COPD + Asthma (490-496) 

Age groups analyzed: <65, 65+ 

Study Design: Time-series 

Statistical Analyses: Poisson log 
linear regression 

Covariates: Trend, seasonal and wkly 
variation, temperature, wind speed, 
day of wk 

Lag: 0,1 or 3 day rolling avg 

NO2: 26.4 ± 7.0 ppb 

Min: 9 ppb 

Max: 58 ppb 

IQR: 10 ppb 

# of Stations: 1 

CO 

PM10 

SO2 

O3 

BS 

Increment: 10 ppb  

Respiratory admissions 

>65 yrs 

3.1 [-4.6, 11.5] rolling 3-day avg  

<65 yrs 

-0.2% [-7.5, 7.7] rolling 3-day avg 
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Thompson et al. 
(2001) 

Belfast, Northern 
Ireland 

Period of Study:  

1993-1995 

Outcomes: Asthma 

ICD9: NR 

Age groups analyzed: 0-14 

Study Design: Time-series 

N: 1,095 

Number of hospitals: 1 

Statistical Analyses: Poisson 
regression 

Covariates: Season, long-term trend, 
temperature, day of wk, holidays 

Season: Warm (May-Oct), Cold  

(Nov-Apr) 

Statistical Package: Stata 

Lag: 0,1,2,3 days 

24-h mean: 

Warm: 19.2 (7.9) ppb; 
Range: 13-23 

Cold: 23.3 (9.0) ppb;  
Range: 18-28 

SO2; r = 0.82 

PM10; r = 0.77 

CO; r = 0.69 

O3; r = -0.62 

NOX; r = 0.93 

log (NO); r = 0.84 

log (CO); r = 0.69 

Increment: 10 ppb 

All seasons 

RR 1.08 [1.03, 1.13] lag 0 

RR 1.11 [1.05, 1.17] lag 0-1 

RR 1.10 [1.04, 1.17] lag 0-2 

RR 1.12 [1.03, 1.02] lag 0-3 

Warm season 

RR 1.14 [1.04, 1.26] lag 0-1 

Cold season 

RR 1.10 [1.03, 1.17] lag 0-1 

NO2 + Benzene 

RR 0.99 [0.87, 1.13] lag 0-1 

*Model made no allowance for 
possible autocorrelation in the 
data or for extra-Poisson 
variation. 

Hagen et al. 
(2000) 

Drammen, Norway 

Period of Study:  

1994-1997 

Outcomes (ICD 9): All respiratory 
admissions (460-519) 

Age groups analyzed: All ages 

Study Design: Time-series 

Number of hospitals: 1 

Statistical Analyses: Poisson 
regression with GAM (adhered to HEI 
phase 1.B report) 

Covariates: Time trends, day of wk, 
holiday, influenza, temperature, 
humidity 

Lag: 0,1,2,3 days 

NO2 24-h avg (µg/m3): 36.15, 
SD = 16 

IQR: 16.92 µg/m3 

# of Stations: 2 

PM10; r = 0.61 

SO2; r = 0.58 

Benzene; r = 0.31 

NO; r = 0.70 

O3; r = -0.47 

Formaldehyde; 

r = 0.68 

Toluene; r = 0.65 

Increment: NO2: 16.92 µg/m3 
(IQR);  
NO: 29µg/m3 (IQR) 

Single-pollutant model 

Respiratory disease only 

NO2: RR 1.058 [0.994, 1.127]  

NO: 1.048 [1.013, 1.084] 

All disease 

NO2: RR 1.011 [0.988, 1.035]  

Two-pollutant model with PM10 

NO2: 1.044 [0.966, 1.127]  

NO: 1.045 [1.007, 1.084] 

Three-pollutant model with PM10 
+ Benzene 

NO2: 1.015 [0.939, 1.097]  

NO: 1.031 [0.986, 1.077] 

Oftedal et al. 
(2003) 

Drammen, Norway 

Period of Study:  

1994-2000 

Outcomes (ICD 10): All respiratory 
admissions (J00-J99) 

Age groups analyzed: All ages 

Study Design: Time-series 

Statistical Analyses: Semi-parametric 
Poisson regression, GAM with more 
stringent criteria 

Covariates: Temperature, humidity, 
influenza 

Lag: 2,3 days 

Mean: 33.8 µg/m3 

SD = 16.2 

IQR: 20.8 µg/m3 

PM10 

SO2 

O3 

Benzene 

Formaldehyde 

Toluene 

Increment: 20.8 µg/m3 (IQR) 

All respiratory disease 

Single-pollutant model 

RR 1.060 [1.017, 1.105] lag 3 

Two-pollutant model 

Adjusted for PM10 

RR 1.063 [1.008, 1.120] 

Adjusted for benzene 

RR 1.046 [1.002, 1.091] 
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Pönkä (1991) 

Helsinki, Finland 

Period of Study: 
1987-1989 

Outcomes (ICD 9 codes): Asthma 
(493) 

Age groups analyzed: 0-14; 15-64; 
≥65 yrs 

Study Design: Time-series 

N: 4,209 

Statistical Analyses: Correlations and 
partial correlations 

Covariates: Minimum temperature 

Statistical Package:  

Lag: 0-1 

24-h avg: 38.6 (16.3) µg/m3 

Range: 4.0-169.6 

Number of Monitors: 4 

SO2; r = 0.4516 

NO; r = 0.6664 

O3; r = -0.2582 

TSP; r = 0.1962 

CO 

Correlations between hospital 
admissions (HA) for asthma and 
pollutants and temperature by 
ages. 

0-14 yrs 

HA: -0.0166 

Emergency HA: 0.0061 

15-64 yrs 

HA: 0.1648 p < 0.0001 

Emergency HA: 0.1189 p < 
0.0001 

≥65 yrs 

HA: 0.1501 p < 0.0001 

Emergency HA: 0.1392 p < 
0.0001 

Partial correlations between 
admissions for asthma and SO2 
were standardized for 
temperature.  

HA: 0.1830 p < 0.0001 

Emergency HA: 0.1137 p = 
0.0004 

Pönkä and 
Virtanen (1994) 

Helsinki, Finland 

Period of Study:  

1987-1989 

Days: 1096 

Outcomes (ICD 9): Chronic bronchitis 
and emphysema (491-492) 

Age groups analyzed: <65, ≥65 

Study Design: Time-series 

Statistical Analyses: Poisson 
regression 

Covariates: Season, day of wk, yr, 
influenza, humidity, temperature 

Season: Summer (Jun-Aug), Autumn 
(Sep-Nov), Winter (Dec-Feb), Spring 
(Mar-May) 

Lag: 0-7 days 

24-h mean: 39 µg/m3 
SD = 16.2; 

Range: 4, 170 

# of stations: 2 

SO2 

O3 

TSP 

Increment: NR 

Chronic bronchitis and 
emphysema 

≥65 yrs  

RR 0.87 [0.71, 1.07] lag 0 

RR 1.07 [0.86, 1.33] lag 1 

RR 1.16 [0.93, 1.46] lag 2 

RR 1.08 [0.86, 1.35] lag 3 

RR 0.94 [0.76, 1.18] lag 4 

RR 0.90 [0.72, 1.12] lag 5 

RR 1.31 [1.03, 1.66] lag 6 

RR 0.82 [0.67, 1.01] lag 7 

<65 yrs  

NR 

Pönkä and 
Virtanen, (1996) 

Helsinki, Finland 

Period of study: 
1987-1989 

Hospital Admissions 

Outcomes (ICD 9 codes): Asthma 
(493) 

Age groups analyzed: 0-14, 15-64, 
65+ 

Study Design: Time-series 

Statistical Analyses:  

Covariates: Long-term trend, season, 
epidemics, day of wk, holidays, 
temperature, relative humidity 

Statistical Package:  

Lag: 0-2 

24-h avg (µg/m3): 

Winter: 38 

Spring: 44 

Summer: 39 

Fall: 34 

SO2 

O3 

TSP 

No results presented for NO2 
because they were not 
statistically significant 
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Rossi et al. (1993) 

Oulu, Finland 

Period of Study: 
10/1/1985-
9/30/1986 

ED Visits 

Outcome(s) (ICD 9): Asthma (493) 

Age groups analyzed: 15-85 

Study Design: Time-series 

N: 232 

Statistical Analyses: Pearson’s and 
partial correlation coefficients and 
multiple regression with stepwise 
discriminate analysis 

Covariates: Temperature, humidity 

Statistical Package: BMDP software 

Lag: 0,1,2,3 

24-h mean: 13.4 µg/m3 

Range: 0-69 

1-hr max: 

38.5 µg/m3 

Range: 0-154 

# of Monitoring Stations: 4 

NO2; r = 0.48 TSP; 

H2S 

Pearson correlation coefficients  

ED asthma visits and same day 
SO2: r = 0.20 p < 0.001 lag 0 

Weekly ED asthma visits and 
same wk SO2: r = 0.42 p < 0.001  

Weekly ED asthma visits and 
previous wk SO2: r = 0.58 p < 
0.001  

Multi-pollutant (NO2; TSP; H2S) 

Regression coefficient: 

All yr: ≥ = 0.209, p = 0.034 

Winter: ≥ = 0.201, p = 0.014 

Summer: ≥ = 0.041, p = 0.714 

Andersen et al. 
(2007a) 

Copenhagen, 
Denmark 

Period of Study: 
1999-2004 

Outcomes (ICD 10): chronic 
bronchitis (J41-42), emphysema 
(J43), COPD (J44), asthma (J45), 
status asthmaticus (J46) 

Age groups analyzed: 5-18, 65+ 

Number of hospitals: 9 

Study Design: Time-series 

Statistical Analyses: Poisson 
regression with GAM 

Covariates: Temperature, long-term 
trend, seasonality, influenza, day of 
wk, public holidays, school holidays  

Lag: 0, 1, 2, 3, 4, 5, 0-4, 0-5 days 

24-h avg: 12 (5) ppb 

Statistical package: R 

IQR: 7 

25th: 8 

75th: 15 

PM10; r = 0.42 

PM10–biomass; r = 
0.41 

PM10–Secondary; r 
= 0.43 

PM10–Oil; r = 0.42 

PM10–Crustal; r = 
0.24 

PM10–Sea salt; r = -
0.19 

PM10–Vehicle; r = 
0.65 

CO; r = 0.74 

Increment: 7 ppb (IQR): 

All respiratory disease (65+): 

NO2: 1.040 [1.009, 1.072] lag 5 
day moving avg 

NO2 + PM10: 1.014 [0.978, 
1.051] lag 5 day ma 

Asthma (5-18 yrs): 

NO2: 1.128 [1.029, 1.235] lag 6 
day ma 

NO2+PM10: 1.032 [0.917-1.162] 
lag 6 day ma 

Andersen et al. 
(2007b) 

Copenhagen, 
Denmark 

Period of Study: 
5/15/2001-
12/31/2004 

Outcomes (ICD 10): chronic 
bronchitis  
(J41-42), emphysema (J43), COPD 
(J44), asthma (J45), status 
asthmaticus (J46) 

Age groups analyzed: 5-18, 65+ 

Number of hospitals: 9 

Study Design: Time-series 

Statistical Analyses: Poisson 
regression with GAM 

Covariates: Temperature, long-term 
trend, seasonality, influenza, day of 
wk, public holidays, school holidays 

Lag: 0, 1, 2, 3, 4, 5, 0-4, 0-5 days 

24-h avg: 11 (5) ppb 

Statistical package: R 

IQR: 6 

25th: 8 

50th: 11 

75th: 14 

99th: 28 

PM10 

PM2.5 

CO 

O3 

Increment: 6 ppb (IQR): 

All respiratory disease (65+): 

NO2: 1.06 [1.01, 1.12] lag 0-4 
moving avg 

NO2 + NCtot: 1.06 [0.99, 1.13] lag 
0-4 ma 

Asthma (5-18 yrs): 

NO2: 1.04 [0.92, 1.18] lag 0-5 ma 

NO2+NCtot: 0.97 [0.83-1.14] lag 
0-5 ma 
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Dab* et al. (1996) 

Paris, France 

Period of Study: 
1/1/87-9/30/92 

Outcomes (ICD 9): All respiratory 
(460-519), Asthma (493), COPD 
(490-496) 

Age groups analyzed: All ages 

Study Design: Time-series 

Number of hospitals: 27 

Statistical Analyses: Poisson 
regression, followed APHEA protocol 

Covariates: Temperature, relative 
humidity, influenza, long-term trend, 
season, holiday, medical worker 
strike 

Lag: 0,1,2 days, 0-3 cumulative 

NO2 24-h avg: 45 µg/m3 

5th: 22, 99th: 108.3 

Daily maximum 1-h 
Concentration: 73.8 µg/m3 

5th: 37.5, 99th: 202.7 

SO2 

O3 

PM13 

BS 

Increment: 100 µg/m3  

All respiratory (1987-1990) 

24-h avg NO2: RR 1.043 [0.997, 
1.090] lag 0 

1-h max NO2: RR 1.015 [0.993, 
1.037] lag 0 

Asthma (1987-1992) 

24-h avg: RR 1.175 [1.059, 
1.304] lag 0-1 

1-h max: RR 1.081 [1.019, 1.148] 
lag 0-1 

COPD  

24-h avg: RR 0.974 [0.898, 
1.058] lag 2 

1-h max: RR 0.961 [0.919, 1.014] 
lag 2 

Linares et al. 
(2006) 

Madrid, Spain 

Period of Study: 
1995-2000 

Outcomes (ICD 9): All respiratory 
(460-519), bronchitis (460-496), 
pneumonia (480-487) 

Age groups analyzed: <10 

Study Design: Time-series 

Number of hospitals: 1 

Statistical Analyses: Poisson 
regression 

Covariates: Temperature, pressure, 
relative humidity 

Statistical Package: S Plus 2000 

Lag:  

24-h avg: 64.8 (17.1) ug/m3 

Range: 23-144 

Number of monitors: 24 

PM10; r = 0.71 

O3; r = -0.41 

SO2; r = 0.63 

Qualitative results suggest linear 
relationship without threshold for 
NO2 concentration and 
respiratory hospital admissions. 

Llorca et al. (2005) 

Torrelavega, Spain 

Period of Study:  

1992-1995 

Days: 1,461 

Outcomes (ICD 9): All respiratory 
admissions (460-519) 

Age groups analyzed: All ages 

Study Design: Time-series 

Number of hospitals: 1 

Statistical Analyses: Poisson 
regression 

Covariates: Short and long-term 
trends 

Statistical Package: Stata 

Lag: NR 

24-h avg NO2: 21.3 µg/m3, 
SD = 16.5 

24-h avg NO: 12.2 µg/m3, SD 
= 15.2 

# of Stations: 3 

SO2; r = 0.588 

NO; r = 0.855 

TSP; r = -0.12 

SH2; r = 0.545 

Increment: 100 µg/m3 

Single-pollutant model 

All cardio-respiratory admissions 

NO2: RR 1.37 [1.26, 1.49] 

NO: RR 1.33 [1.22, 1.46] 

Respiratory admissions 

NO2: RR 1.54 [1.34, 1.76] 

NO: RR 1.35 [1.17, 1.56] 

5-pollutant model 

All cardio-respiratory admissions 

NO2: RR 1.20 [1.05, 1.39] 

NO: RR 0.93 [0.79, 1.09] 

Respiratory admissions 

NO2: RR 1.69 [1.34, 2.13] 

NO: RR 0.87 [0.67, 1.13] 
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Migliaretti and 
Cavallo (2004) 

Turin, Italy 

Period of Study:  

1997-1999 

Outcome(s) (ICD 9): Asthma (493) 

Age groups analyzed: <4, 4-15 

Study Design: Case-control 

Controls: Age matched with other 
respiratory disease (ICD9: 460-7, 
490-2, 494-6, 500-19) 

N: Cases = 734, controls = 25,523 

Statistical Analyses: Logistic 
regression  

Covariates: Seasonality, temperature, 
humidity, solar radiation 

Seasons: Cold: Oct-Mar; Warm: Apr-
Sep 

Statistical Package: SPSS 

Lag: 0-3 days and cumulative 

Controls: 

Mean: 113.3 µg/m3, 
SD = 30.5 

Cases: 

Mean: 117.4 µg/m3, 
SD = 29.7 

TSP Increment: 10 µg/m3  

<4 yrs 2.8% [0.03, 5.03] lag 1-3 
cumulative 

4-15 yrs 2.7% [-0.01, 6.06] lag 1-
3 cumulative 

All ages 2.8% [0.07, 4.09] lag 1-3 
cumulative 

Two-pollutant model adjusted for 
TSP 

NO2 2.1% [-0.1, 5.6] 

Farchi et al. (2006) 

Rome, Italy 

Period of Study: 
11/94-2/95 

Outcome(s) (ICD 9): All respiratory 
conditions (381-382, 460-466, 480-
493); acute upper respiratory tract 
infections (380-382, 460-465); lower 
respiratory tract conditions including 
asthma (466, 480-493) 

Age groups analyzed: 6-7 

Study Design: Cohort (SIDRIA) 

N: 2,947 

Statistical Analyses: Cox regression 
models, GAM 

Covariates: Gender, paternal 
education, paternal smoking 

Statistical Package: STATA 8.0 

Mean: 46.9 µg/m3 (10.2) 

IQR: 17 

Range: 24-66 

Traffic Increment: 10 µg/m3 

All respiratory conditions:  

HR: 1.28 [0.98-1.68] 

1st Quartile (24-35 µg/m3): 1.00 

2nd Quartile (35-47 µg/m3): 1.06 
[0.45-2.53] 

3rd Quartile (47-52 µg/m3): 1.57 
[0.59-4.13] 

4th quartile (52-66 µg/m3): 1.95 
[0.81-4.71] 

Acute URT infections: 

HR: 1.56 [0.96-2.56] 

1st Quartile (24-35 µg/m3): 1.00 

2nd Quartile (35-47 µg/m3): 0.55 
[0.08-3.61] 

3rd Quartile (47-52 µg/m3): 1.25 
[0.25-6.24] 

4th quartile (52-66 µg/m3): 3.04 
[0.67-13.79] 

Acute LRT infections and asthma: 

HR: 1.10 [0.80-1.51] 

1st Quartile (24-35 µg/m3): 1.00 

2nd Quartile (35-47 µg/m3): 1.34 
[0.51-3.21] 

3rd Quartile (47-52 µg/m3): 1.58 
[0.35-4.10] 

4th quartile (52-66 µg/m3): 1.24 
[0.64-3.08] 
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Fusco* et al. 
(2001) 

Rome, Italy 

Period of Study: 
1/1/95-10/31/97 

Outcomes (ICD 9): All respiratory 
(460-519 excluding 470-478), Asthma 
(493), COPD (490-492, 494-496), 
Respiratory infections (460-466, 480-
486) 

Age groups analyzed: 0-14, all ages 

Study Design: Time-series 

Statistical Analyses: Semi-parametric 
Poisson regression with GAM 

Covariates: Influenza, day, 
temperature, humidity, day of wk, 
holiday 

Season: Warm (Apr-Sep), Cold (Oct-
Mar) 

Statistical Package: S-Plus 4 

Lag: 0-4 days 

NO2 24-h avg (µg/m3): 86.7, 

SD = 16.2 

IQR: 22.3 µg/m3 

# of stations: 5; r = 0.66-0.79 

PM10: 

All yr; r = 0.35 

Cold; r = 0.50 

Warm; r = 0.25 

SO2: 

All yr; r = 0.33 

Cold; r = 0.40 

Warm; r = 0.68 

CO: 

All yr; r = 0.31 

Cold; r = 0.41 

Warm; r = 0.59 

O3: 

All yr; r = 0.19 

Cold; r = 0.19 

Warm; r = 0.13 

Increment: 22.3 µg/m3 (IQR) 

All respiratory 

All ages: 2.5% [0.9, 4.2] lag 0 

0-14 yrs: 4.0% [0.6, 7.5] lag 0 

Respiratory infections 

All ages: 4.0% [1.6, 6.5] lag 0 

0-14 yrs: 4.0% [0.2, 8.0] lag 0 

Asthma  

All ages: 4.6% [-0.5, 10.0] lag 0 

0-14 yrs: 10.7% [3.0, 19.0] lag 1 

COPD  

≥65 yrs: 2.2% [-0.7, 5.2] lag 0 

Multipollutant models 

All respiratory (NO2 + CO) 

All ages: 0.9% [-0.8, 2.8] lag 0 

0-14 yrs: 3.3% [-0.2, 6.9] lag 0 

Acute infections (NO2 + CO) 

All ages: 3.9% [1.3, 6.7] lag 0 

0-14 yrs: 2.9% [-1.0, 7.0] lag 0 

Asthma (NO2 + CO) 

All ages: 1.4% [-3.9, 7.1] lag 0 

0-14 yrs: 8.3% [-0.1, 17.4] lag 1 

COPD (NO2 + CO) 

≥65 yrs: -1.0%[-4.1, 2.2] lag 0 

Pantazopoulou 
et al. (1995) 

Athens, Greece 

Period of Study: 
1988 

Outcomes: All respiratory admissions 

ICD9: NR 

Age groups analyzed: All ages 

Study Design: Time-series 

N: 15,236 

Number of hospitals: 14 

Statistical Analyses: Multiple linear 
regression 

Covariates: Season, day of wk, 
holiday, temperature, relative 
humidity 

Season: Warm (3/22-9/21), Cold (1/1-
3/21 and 9/22-12/31) 

Lag: NR 

NO2 24-h avg 

Winter: 94 µg/m3, 

SD = 25 

5th: 59, 50th: 93, 95th: 135 

Summer: 111 µg/m3, SD = 32 

5th: 65, 50th: 108, 95th: 173 

# of stations: 2 

CO 

BS 

Increment: 76 µg/m3 in winter and 
108 µg/m3 in summer (95th-5th) 

Respiratory disease admissions 

Winter: Percent increase: 24% 
[6.4, 43.5] 

Summer: Percent increase: 9.3% 
[-14.1, 24.4] 
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LATIN AMERICA 
Gouveia and 
Fletcher, (2000a) 

São Paulo, Brazil 

Period of Study:  

11/92-9/94 

Outcomes (ICD 9): All respiratory; 
Pneumonia (480-486); asthma or 
bronchitis (466, 490, 491, 493) 

Age groups analyzed: <1; <5 yrs 

Study Design: Time-series 

Statistical Analyses: Poisson 
regression Covariates: Long-term 
trend, season, temperature, relative 
humidity, day of wk, holiday, strikes in 
public transport or health services 

Season: Cool (May-Oct), Warm (Nov-
Apr) 

Statistical Package: SAS 

Lag: 0, 1, 2 days 

1-h max NO2 (µg/m3) 

Mean: 174.3 

SD = 101.3 

Range: 26.0, 692.9 

5th: 62.0 

25th: 108.8 

50th: 151.7 

75th: 210.0 

95th: 388.0 

# of stations: 4 

SO2; r = 0.37 

PM10; r = 0.40 

CO; r = 0.35 

O3; r = 0.25 

Increment: 319.4 µg/m3 (90th-
10th) 

All Respiratory 

<5 yrs: RR 1.063 [0.999, 1.132] 
lag 0 

<5 yrs + O3: RR 1.050 [0.985, 
1.120] 

<5 yrs + PM10: RR 1.043 [0.972, 
1.119] 

<5 yrs + O3+ PM10: RR 1.035 
[0.963, 1.113] 

<5 yrs Cool: RR 1.04 [0.96, 1.11] 
(estimated from graph) 

<5 yrs Warm: RR 1.09 [1.01, 
1.16] (estimated from graph) 

Pneumonia 

<5 yrs: RR 1.093 [1.016, 1.177] 
lag 0 

<1 yr: RR 1.091 [0.996, 1.193] lag 
0 

Asthma 

<5 yrs: RR 1.107 [0.940, 1.300] 
lag 2 

Braga* et al. 
(1999) 

Sao Paulo, Brazil 

Period of Study: 
10/1992-10/1993 

 

Hospital Admissions 

Outcomes (ICD 9 codes): All 
respiratory (466,480-486,491-
492,496) 

Age groups analyzed: <13 yrs 

Study Design: Time-series 

N: 68,918 

# of Hospitals: 112 

Statistical Analyses: Multiple linear 
regression models (least squares). 
Also used Poisson regression 
techniques. GLM and GAM using 
LOESS for smoothing. 

Covariates: Season, temperature, 
humidity, day of wk 

Statistical Package: SPSS, S-Plus 

Lag: 1,2,3,4,5,6,7 moving avgs 

24-h avg 174.84 
(101.38) µg/m3 

Min: 26.0 

Max: 668.3 

# of monitors: 13 

PM10; r = 0.53 

CO; r = 0.42 

SO2; r = 0.53 

O3; r = 

Due to problems with NO2 
monitors, this pollutant could not 
be included in the analysis. 

Braga* et al. 
(2001) 

São Paulo, Brazil 

Period of Study:  

1/93-11/97 

Outcomes (ICD 9): All respiratory 
admissions (460-519) 

Age groups analyzed: 0-19, #2, 3-5, 

6-13, 14-19 

Study Design: Time-series 

Statistical Analyses: Poisson 
regression with GAM 

Covariates: Long-term trend, season, 
temperature, relative humidity, day of 
wk, holiday 

Statistical Package: S-Plus 4.5 

Lag: 0-6 moving avg 

NO2 mean: 141.4 µg/m3, 
SD = 71.2 

IQR: 80.5 µg/m3 

Range: 25, 652.1 

# of stations: 5-6 

PM10; r = 0.62 

SO2; r = 0.54 

CO; r = 0.58 

O3; r = 0.34 

Increment: 80.5 µg/m3 (IQR) 

All Respiratory admissions 

<2 yrs 9.4% [6.2, 12.6] lag 5 

3-5 yrs 1.6% [-6.4, 9.6] 

6-13 yrs 2.3% [-5.9, 10.4] 

14-19 yrs -3.0% [-15.7, 9.7] 

All ages 6.5% [3.3, 9.7] 
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Braga* et al. 
(2001) 

São Paulo, Brazil 

Period of Study:  

1/93-11/97 

Outcomes (ICD 9): All respiratory 
admissions (460-519) 

Age groups analyzed: 0-19, #2, 3-5, 

6-13, 14-19 

Study Design: Time-series 

Statistical Analyses: Poisson 
regression with GAM 

Covariates: Long-term trend, season, 
temperature, relative humidity, day of 
wk, holiday 

Statistical Package: S-Plus 4.5 

Lag: 0-6 moving avg 

NO2 mean: 141.4 µg/m3, 
SD = 71.2 

IQR: 80.5 µg/m3 

Range: 25, 652.1 

# of stations: 5-6 

PM10; r = 0.62 

SO2; r = 0.54 

CO; r = 0.58 

O3; r = 0.34 

Increment: 80.5 µg/m3 (IQR) 

All Respiratory admissions 

<2 yrs 9.4% [6.2, 12.6] lag 5 

3-5 yrs 1.6% [-6.4, 9.6] 

6-13 yrs 2.3% [-5.9, 10.4] 

14-19 yrs -3.0% [-15.7, 9.7] 

All ages 6.5% [3.3, 9.7] 

Farhat* et al. 
(2005) 

São Paulo, Brazil 

Period of Study: 
8/96-8/97 

Days: 396 

Outcomes (ICD 9): 
Pneumonia/bronchiopheumonia (480-
6), asthma (493), bronchiolitis (466), 
Obstructive disease 493, 466) 

Age groups analyzed: <13 

Study Design: Time-series 

N: 1,021 

Number of hospitals: 1 

Statistical Analyses: Poisson 
regression with GAM 

Covariates: Time, temperature, 
humidity, day of wk, season 

Statistical package: S-Plus 

Lag: 0-7 days, 2,3,4 day moving avg 

Mean: 125.3 µg/m3 

SD = 51.7 

IQR: 65.04 µg/m3 

Range: 42.5, 369.5 

PM10; r = 0.83 

SO2; r = 0.66 

CO; r = 0.59 

O3; r = 0.47 

Increment: 65.04 µg/m3 (IQR) 

Single-pollutant models 
(estimated from graphs) 

Lower respiratory tract disease:  

NO2 alone: −18% [13, 24] lag 0-3 

NO2 + PM10 16.1% [5.4, 26.8] 
lag 0-2 

NO2 + SO2 24.7% [18.2, 31.3] lag 
0-2 

NO2 + CO 19.2% [11.8, 26.6] lag 
0-2 

NO2 + O3 16.1% [9.5, 22.7] lag 0-
2 

Multipollutant model (PM10, SO2, 
CO, O3) 18.4% [3.4, 33.5] 2 day 
avg 

Pneumonia:  

NO2 alone: −17.5% [3, 32.5] lag 
0-2 

NO2 + PM10 8.1% [-11.4, 27.6] 
lag 0-2 

NO2 + SO2 13.1% [-3.4, 29.7] lag 
0-2 

NO2 + CO 14.6% [-4.9, 34.1] lag 
0-2 

NO2 + O3 12.4% [-5.6, 30.4] lag 
0-2 

Multipollutant model (PM10, SO2, 
CO, O3) 

1.8% [-23.9, 27.6] 2 day avg 

Asthma or Bronchiolitis  

NO2 alone: 30.5% [9, 56] lag 0-1 

NO2 + PM10 47.7% [1.15, 94.2] 
lag 0-2 

NO2 + SO2 33.1% [5.7, 60.5] lag 
0-2 

NO2 + CO 28.8% [-0.2, 57.9] lag 
0-2 

NO2 + O3 28.0% [-1.0, 57.0] lag 
0-2 

Multipollutant model (PM10, SO2, 
CO, O3) 

39.3% [-14.9, 93.5] 2 day avg 
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Arbex et al., 2007 

Araraquara, Brazil 

Period of Study: 
3/2003-7/2004 

Outcomes (ICD 10): asthma (J15) 

Age groups analyzed: <13 

Study Design: Ecological Time-series 

N: 1,021 

Number of hospitals: 1 

Statistical Analyses: Poisson 
regression with GLM 

Covariates: Long-term trend, weather 

Statistical package: S-Plus 

Lag: 0-7 days, 2,3,4 day moving avg 

TSP (µg/m3)  Increment: 10 µg/m3 

Asthma hospital admissions: 

11.6% [5.4, 17.7] lag 1-5 

ASIA 
Lee et al. (2006) 

Hong Kong, China 

Period of Study: 
1997-2002 

Days: 2,191 

Outcomes (ICD 9): Asthma (493) 

Age groups analyzed: #18 

Study Design: Time-series 

N: 26,663 

Statistical Analyses: Semi-parametric 
Poisson regression with GAM (similar 
to APHEA 2) 

Covariates: Long-term trend, 
temperature, relative humidity, 
influenza, day of wk, holiday 

Statistical package: SAS 8.02 

Lag: 0-5 days 

NO2 24-h mean: 64.7 µg/m3, 
SD = 20.9 

IQR: 27.1 µg/m3 

25th: 49.7, 75th: 76.8 

# of stations: 9-10, r = 0.53, 
0.94, 

Mean: 0.78 

PM10; r = 0.78 

PM2.5; r = 0.75 

SO2; r = 0.49 

O3; r = 0.35 

Increment: 27.1 µg/m3 (IQR) 

Asthma 

Single-pollutant model 

4.37% [2.51, 6.27] lag 0 

5.88% [4.00, 7.70] lag 1 

7.19% [5.37, 9.04] lag 2 

9.08% [7.26, 10.93] lag 3 

7.64% [5.84, 9.48] lag 4 

6.40% [4.60, 8.22] lag 5 

Multipollutant model – including 
PM, SO2, and O3 

5.64% [3.21, 8.14] lag 3 

Other lags NR 

Chew et al. (1999) 

Singapore 

Period of Study:  

1990-1994 

Outcome(s) (ICD 9): Asthma (493) 

Age groups analyzed: 3-12, 13-21 

Study Design: Time-series 

N: 23,000 

# of Hospitals: 2 

Statistical Analyses: Linear 
regression, GLM 

Covariates: Variables that were 
significantly associated with ER visits 
were retained in the model 

Statistical Package: SAS/STAT, 
SAS/ETS 6.08 

Lag: 1,2 days avgs 

24-h avg: 18.9 µg/m3,  
SD = 15.0,  
Max < 40 

# of Stations: 15 

SO2; r = -0.22 

O3; r = 0.17 

TSP; r = 0.23 

Categorical analysis (via ANOVA) 
p-value and Pearson correlation 
coefficient (r) using continuous 
data comparing daily air pollutant 
levels and daily number of 
hospital admissions. 

Age Group: 3-12 13-21 

Lag 0 r = 0.13 r = 0.05 

 p = 0.013 p < 0.18 

Lag 1 r = 0.13 r = 0.02 

 P = 0.02 p = 0.75 

Lag 2 r = 0.13 r = 0.07 

 p = 0.35 p = 0.012 
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Tsai et al. (2006) 

Kaohsiung, Taiwan 

Period of Study:  

1996-2003 

Days: 2922 

Outcomes (ICD 9): Asthma (493) 

Study Design: Case-crossover 

N: 17,682 

Statistical Analyses: Conditional 
logistic regression 

Covariates: Temperature, humidity 

Season: Warm (≥25ºC); Cool (<25ºC) 

Statistical package: SAS 

Lag: 0-2 days cumulative 

NO2 24-h mean: 27.20 ppb 

IQR: 17 ppb 

Range: 4.83, 63.40 

# of stations: 6 

PM10 

SO2 

O3 

CO 

Increment: 17 ppb (IQR) 

Seasonality 

Single-pollutant model 

>25°C 1.259 [1.111, 1.427] lag 0-
2 

<25°C 2.119 [1.875, 2.394] lag 0-
2 

Dual-pollutant model 

Adjusted for PM10 

>25°C 1.082 [0.913, 1.283] lag 0-
2 

<25°C 2.105 [1.791, 2.474] lag 0-
2 

Adjusted for CO 

>25°C 0.949 [0.792, 1.137] lag 0-
2 

<25°C 2.30 [1.915, 2.762] lag 0-2 

Adjusted for SO2 

>25°C 1.294 [1.128, 1.485] lag 0-
2 

<25°C 2.627 [2.256, 3.058] lag 0-
2 

Adjusted for O3 

>25°C 1.081 [0.945, 1.238] lag 0-
2 

<25°C 2.096 [1.851, 2.373] lag 0-
2 

Chen et al. (2006) 

Taiwan 

Period of Study: 
1/1998-12/2001 

Outcomes (ICD 9): Asthma (493) 

Age Groups: 0-4, 5-14, 15-44, 45-64, 
65+ 

Study Design: Time-series 

N: 126,671 

Statistical Analyses: Spearman Rank 
Correlations 

Covariates: 

Season: 

Statistical package: SPSS 

Lag: 

Mean monthly NO2 averaged 
across 55 monitors: 37.64 

(4.89) ppb 

Min: 29.52 

25th: 33.72 

50th: 37.07 

75th: 40.63 

Max: 47.65 

PM10; r = 

SO2; r = 

CO; r = 

O3; r = 

Spearman rank correlations show 
that seasonal variations in adult 
asthma admissions are 
significantly correlated with levels 
of NO2 (r = 0.423, p = 0.003). 

Lee* et al. (2002) 

Seoul, Korea 

Period of Study:  

12/1/97-12/31/99 

Days: 822 

Outcomes (ICD 10): Asthma (J45 – 
J46) 

Age groups analyzed: <15 

Study Design: Time-series 

N: 6,436 

Statistical Analyses: Poisson 
regression, log link with GAM 

Covariates: Time, day of wk, 
temperature, humidity 

Season: Spring (Mar-May), Summer 
(Jun-Aug), Fall (Sep-Nov), Winter 
(Dec-Feb) 

Statistical package: NR 

Lag: 0-2 days cumulative 

24-h NO2 (ppb) 

Mean: 31.5 

SD = 10.3 

5th: 16.0 

25th: 23.7 

50th: 30.7 

75th: 38.3 

95th: 48.6 

# of stations: 27 

SO2; r = 0.72 

O3; r = -0.07 

CO; r = 0.79 

PM10; r = 0.74 

Increment: 14.6 ppb (IQR) 

Asthma 

NO2: RR 1.15 [1.10, 1.20] lag 0-2 

NO2 + PM10: RR 1.13 [1.07, 
1.19] lag 0-2 

NO2 + SO2: RR 1.20 [1.11, 1.29] 
lag 0-2 

NO2 + O3: RR 1.14 [1.09, 1.20] 
lag 0-2 

NO2 + CO: RR 1.12 [1.03, 1.22] 
lag 0-2 

NO2 + O3 + CO + PM10 + SO2: 
RR 1.098 [1.002, 1.202] 
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Yang et al. (2007) 

Taipei, Taiwan 

Period of Study: 
1996-2003 

Outcomes (ICD 9): Asthma (493) 

Age groups analyzed: All 

Study Design: Case-crossover 

N: 25,602 

Number of hospitals: 47 

Statistical Analyses: Conditional 
logistic regression 

Covariates: Temperature, humidity 

Statistical package: SAS 

Lag: 0-2 

24-h avg: 30.77 ppb 

Range: 3.84-77.97 

25th: 25.55 

50th: 30.31 

75th: 35.60 

Number of monitors: 6 

SO2 

PM10 

CO 

O3 

Increment: 10.05 ppb (IQR) 

NO2 alone: 

≥25 ΕC: 1.178 [1.113, 1.247] lag 
0-2 

<25 ΕC: 1.128, 1.076, 1.182] lag 
0-2 

NO2 + PM10: 

≥25 ΕC: 1.328 [1.224, 1.441] lag 
0-2 

<25 ΕC: 1.144 [1.077, 1.215] lag 
0-2 

NO2 + SO2: 

≥25 ΕC: 1.224 [1.140, 1.314] lag 
0-2 

<25 ΕC: 1.219 [1.150, 1.291] lag 
0-2 

NO2 + CO: 

≥25 ΕC: 1.084 [0.999, 1.176] lag 
0-2 

<25 ΕC: 1.198 [1.111, 1.291] lag 
0-2 

NO2 + O3: 

≥25 ΕC: 1.219 [1.142, 1.301] lag 
0-2 

<25 ΕC: 1.156 [1.102, 1.212] lag 
0-2 

Yang and Chen 
(2007) 

Taipei, Taiwan 

Period of Study: 
1996-2003 

Outcomes (ICD 9): COPD (493) 

Age groups analyzed: 

Study Design: Case-crossover 

N: 25,602 

Number of hospitals: 47 

Statistical Analyses: Conditional 
logistic regression 

Covariates: Temperature, humidity 

Statistical package: SAS 

Lag: 0-2 

24-h avg: 30.77 ppb 

Range: 3.84-77.97 

25th: 25.55 

50th: 30.31 

75th: 35.60 

Number of monitors: 6 

SO2 

PM10 

CO 

O3 

Increment: 10.05 ppb (IQR) 

NO2 alone: 

≥20 ΕC: 1.193 [1.158, 1.230] lag 
0-2 

<20 ΕC: 0.972 [0.922, 1.024] lag 
0-2 

NO2 + PM10: 

≥20 ΕC: 1.183 [1.137, 1.231] lag 
0-2 

<20 ΕC: 0.920 [0.862, 0.982] lag 
0-2 

NO2 + SO2: 

≥20 ΕC: 1.302 [1.254, 1.351] lag 
0-2 

<20 ΕC: 0.895 [0.837, 0.956] lag 
0-2 

NO2 + CO: 

≥20Ε C: 1.154 [1.102, 1.208] lag 
0-2 

<20 ΕC: 0.972 [0.892, 1.059] lag 
0-2 

NO2 + O3: 

≥20 ΕC: 1.163 [1.126, 1.200] lag 
0-2 

<20 ΕC: 0.952 [0.901, 1.006] lag 
0-2 
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Ko et al. (2007a) 

Hong Kong 

Period of Study 

Outcomes (ICD 9): 

Age groups analyzed: 

# of hospitals: 

Study Design: 

Statistical Analyses: 

Covariates: 

Statistical package: 

Lag: 

   

Lee et al. (2006) 

Hong Kong, China 

Period of Study:  

1997-2002 

Outcomes (ICD 9): asthma (493) 

Age groups analyzed: <18 

N: 26,663 

Study Design: Time-series 

Statistical Analyses: Poisson 
regression with GAM 

Covariates: Temperature, humidity, 
influenza, day of wk, holidays 

Statistical package: SAS v 8.02 

Lag: 0, 1, 2, 3, 4, 5 

24-h avg: 64.7 (20.9) µg/m3 

25th: 49.7 

50th: 63.5 

75th: 76.8 

IQR: 27.1 

Number of monitors: 10 

SO2; r = 0.49 

PM10; r = 0.78 

PM2.5; r = 0.75 

O3; r = 0.35 

Increment: 27.1 µg/m3 (IQR) 

Lag 0: 4.37% [2.51, 6.27] 

Lag 1: 5.88% [4.00, 7.70] 

Lag 2: 7.19% [5.37, 9.04] 

Lag 3: 9.08% [7.26, 10.93] 

Lag 4: 7.64% [5.84, 9.48] 

Lag 5: 6.40% [4.60, 8.22] 

NO2 alone: 9.08% [7.26, 10.93] 
lag 3 

NO2 + SO2 + PM10 + PM2.5 + 
O3: 5.64% [3.21, 8.14] lag 3 

Lee et al. (2007) 

Kaohsiung, Taiwan 

Period of Study:  

1996-2003 

Outcomes (ICD 9): COPD (490-492, 
494, 496) 

Age groups analyzed: All 

# of hospitals: 63 

N: 25,108 

Study Design: Case-crossover 

Statistical Analyses: Conditional 
logistic regression 

Covariates: Temperature, humidity 

Season: Warm: >25 ΕC, cool: <25 ΕC 

Statistical package: SAS v 8.2 

Lag: 0-2 cumulative avg 

24-h avg: 27.2 ppb 

Range: 4.83-63.40 

25th: 18.4 

50th: 27.17 

75th: 35.40 

# of monitors: 6 

SO2 

PM10 

CO 

O3 

Increment : 17 ppb (IQR) 

NO2 alone: 

≥25 C: 1.241 [1.117, 1.379] lag 0-
2 

<25 C: 1.975 [1.785, 2.186] lag 0-
2 

NO2 + PM10: 

≥25 C: 1.083 [0.939, 1.249] lag 0-
2 

<25 C: 1.957 [1.709, 2.241] lag 0-
2 

NO2 + SO2: 

≥25 C: 1.264 [1.127, 1.418] lag 0-
2 

<25 C: 2.378 [2.095, 2.700] lag 0-
2 

NO2 + CO: 

≥25 C: 0.984 [0.848, 1.141] lag 0-
2 

<25 C: 2.035 [1.746, 2.373] lag 0-
2 

NO2 + O3: 

≥25 C: 1.076 [0.961, 1.205] lag 0-
2 

<25 C: 1.946 [1.755, 2.157] lag 0-
2 
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Wong et al. (1999) 

Hong Kong, China 

Period of Study:  

1994-1995 

Outcomes (ICD 9): All respiratory 
admissions (460-6, 471-8, 480-7, 490-
6); Asthma (493), COPD (490-496), 
Pneumonia (480-7) 

Age groups analyzed: 0-4, 5-64, ≥65, 
all ages 

# of hospitals: 12 

Study Design: Time-series 

Statistical Analyses: Poisson 
regression (followed APHEA protocol) 

Covariates: Trend, season, day of wk, 
holiday, temperature, humidity 

Statistical package: SAS 8.02 

Lag: days 0-3 cumulative 

Median 24-h NO2: 51.39 
µg/m3 

Range: 16.41, 122.44 

25th: 39.93, 75th: 66.50 

# of stations: 7, 

r = 0.68, 0.89 

O3 

SO2 

PM10; r = 0.79 

Increment = 10 µg/m3 

Overall increase in admissions: 

1.020 [1.013, 1.028] lag 0-3 

Respiratory Relative Risks (RR) 

0-4 yrs: 1.020 [1.010, 1.030] lag 
0-3 

5-64yrs: 1.023 [1.011, 1.034] lag 
0-3 

>65 yrs: 1.024 [1.014, 1.035] lag 
0-3 

Cold Season: 1.004 [0.988, 
1.020] 

NO2 + high PM10: 1.009 [0.993, 
1.025] 

NO2 + high O3: 1.013 [0.999, 
1.026] 

Asthma: 1.026 [1.01, 1.042] lag 
0-3 

COPD: 1.029 [1.019, 1.040] lag 
0-3 

Pneumonia: 1.028 [1.015, 1.041] 
lag 0-3 

Wong et al. 
(2001a) 

Hong Kong, China 

Period of Study:  

1993-1994 

Outcomes (ICD 9): Asthma (493) 

Age groups analyzed: #15 

N: 1,217 

# of hospitals: 1 

Study Design: Time-series 

Statistical Analyses: Poisson 
regression (followed APHEA protocol) 

Covariates: Season, temperature, 
humidity 

Season: Summer (Jun-Aug),  
Autumn (Sep-Nov), Winter (Dec-Feb), 
Spring (Mar-May) 

Lag: 0, 1, 2, 3, 4, 5 days; and 
cumulative 0-2 and 0-3 days 

24-h avg 

NO2 mean: 43.3 µg/m3, 
SD = 16.6 

Range: 9, 106 µg/m3 

Autumn: 51.7 (17.6) 

Winter: 46.6 (15.5) 

Spring: 40.7 (11.8) 

Summer: 32.6 (13.7) 

# of stations: 9 

PM10 

SO2 

Increment: 10 µg/m3 

Asthma 

All yr: 1.08 p = 0.001 

Autumn: 1.08 p = 0.017 

Winter: NR 

Spring: NR 

Summer: NR 

 

*Default GAM 
+Did not report correction for over-dispersion 
APHEA: Air Pollution and Health: A European Approach 
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UNITED STATES 
Jaffe et al. 
(2003) 

3 cities, Ohio, 
(Cleveland, 
Columbus, 
Cincinnati) 

Period of Study: 
7/91-6/96 

Outcome (ICD-9): Asthma 
(493) 

Age Groups Analyzed: 5-34 

Study Design: Time-series 

N: 4,416 

Statistical Analyses: Poisson 
regression using a standard 
GAM approach 

Covariates: City, day of wk, wk, 
yr, minimum temperature, 
overall trend, dispersion 
parameter 

Season: Jun to Aug only 

Dose-response investigated: 
Yes 

Statistical Package: NR 

Lag: 0-3 days 

Cincinnati: 
24-h avg: 50 ppb, SD 

= 15 

Cleveland: 
24-h avg: 48 ppb, SD 

= 16 

NO2 was not 
monitored in 

Columbus due to 
relatively low levels 

Cincinnati: 

PM10; r = 0.36 SO2; r = 
0.07 

O3; r = 0.60 

Cleveland: 

PM10; 0.34 

SO2; r = 0.28 

O3; r = 0.42 

No multipollutant 
models were utilized. 

Increment: 10 ppb 

Cincinnati: 6% [-1.0, 13] lag 1 

Cleveland: 4% [-1, 8] lag 1 

All cities: 3% [-1.0, 7]  

Attributable risk from NO2 increment: 

Cincinnati 0.72 (RR 1.06) 

Cleveland 0.44 (RR 1.04) 

Regression diagnostics for Cincinnati showed 
significant linear trend during entire study 
period and for each wk (6/1-8/31). No trends 
observed for Cleveland. 

Regression Models assessing exposure 
thresholds showed a possible dose-response 
for NO2 (percent increase after 40 ppb). No 
increased risk until minimum concentration of 
40 ppb was reached. 

 

Ito et al. (2007) 

New York, NY 

Outcome (ICD-9): 

Asthma (493) 

Age Groups Analyzed: All ages 

Study Design: Time-series 

N: 1,460 

Statistical Analyses: 

Poisson’s Generalized Linear 
Model 

Covariates: temporal trends, 
day of wk, weather, over-
dispersion 

Season: all year; warm (April to 
September), cold (October to 
March) 

Statistical Package: NR 

Lag: 0-1 day 

All year 

24-h avg: 31.1 

SD = 8.7 

Warm season 

24-h avg: 30.4 

SD = 8.8 

Cold season 

24-h avg: 31.8 

SD = 31.8 

 

PM2.5: r = 0.91 

O3: r = 0.89 

SO2: r = 0.74 

CO: r = 0.60 

All Year: Increment : 24 ppb 

24-h avg, lag 0 

RR 1.14 (1.09, 1.19) 

Warm Months: Increment : 25 ppb 

24-h avg, lag 0 

RR 1.32 (1.23, 1.42) 
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NYDOH (2006) 

Bronx and 
Manhattan, NY 

Period of Study: 

1/1999-11/2000 

Outcome (ICD-9): 

Asthma (493) 

Age Groups Analyzed: 

All ages 

Study Design: Time-series 

Statistical Analyses: 

Poisson regression 

Covariates: temporal cycles, 
temperature, day of wk 

Season: All year 

Dose-response investigated: 
Yes 

Statistical Package: NR 

Lag: 0-4 days 

24-h avg: 34 ppb PM2.5 

SO2 

O3 

Increment : 20 ppb 

lag 0-4 

24-h avg 

Bronx 

NO2 : 1.06 (1.01, 1.10) 

NO2 + O3 : 1.05 (1.00, 1.10) 

NO2 + FRM PM2.5 : 1.03 (0.98, 1.08) 

NO2 + PM2.5 max : 1.02 (0.98, 1.08) 

NO2 + SO2 : 1.01 (0.96, 1.07) 

Manhattan 

NO2 : 0.97 (0.82, 1.14) 

NO2 + O3 : 0.95 (0.80, 1.12) 

NO2 + FRM PM2.5 : 0.90 (0.41, 1.10) 

NO2 + PM2.5 max : 0.90 (0.41, 1.11) 

NO2 + SO2 : 0.97 (0.80, 1.17) 

Norris* et al. 
(1999) 

Seattle, WA, 
United States 

Period of Study: 

1995-1996 

Outcome (ICD-9): Asthma 
(493) 

Age groups analyzed: <18 yrs  

Study Design: Time-series 

N: 900 ER visits 

Statistical Analyses: Semi 
parametric Poisson regression 
using GAM 

Covariates: day of wk, time 
trends, temperature, dew point 
temperature 

Dose-response investigated: 
Yes 

Statistical Package: NR 

Lag: 0,2 days 

24 h: 20.2 ppb, SD = 
7.1 

IQR: 9 ppb 

1-h max: 34.0 ppb, 

SD = 11.3 

IQR: 12 ppb 

CO; r = 0.66 

PM; r = 0.66 

SO2; r = 0.25 

Increment: IQR 

24-h avg (9-ppb increment) 

RR 0.99 [0.90, 1.08] lag 2  

1-h max (12-ppb increment) 

RR 1.05 [0.99, 1.12] lag 0  

Age and hospital utilization (high and low) 
segregation (<5, 5-11, and 12-17 yrs) did not 
figure significantly in the association between 
emergency room visits and asthma. 

Lipsett et al. 
(1997) 

Santa Clara 
County, 
California, 
United States 

Period of Study: 

1988-1992 

Outcome(s): Asthma 

ICD-9 Code(s): NR 

Age groups analyzed: All 

Study Design: Time-series 

Statistical Analyses: Poisson 
Regression; GEE repeated 
with GAM 

Covariates: Minimum 
temperature, day of study, 
precipitation, hospital, day of 
wk, yr, overdispersion 
parameter 

Season: Winters only 

Statistical Package: SAS, S 
Plus, Stata 

Lag: 0-5 days 

NO2 1-h mean: 
69 ppb,  
SD = 28 

Range: 29, 150 ppb 

PM10; r = 0.82 

COH; r = 0.8 

No multipollutant model 
due to high correlation 

between pollutants 

Same day NO2 was associated with ER visits 
for asthma (≥ = 0.013, p = 0.024) 

Absence of association between lagged or 
multiday specifications of NO2 and asthma 
ER visits (data not shown) suggest that same 
day association may be artifact of covariation 
with PM10. 
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Peel et al. (2005) 

Atlanta, GA, 
United States 

Period of Study: 

1/93-8/2000 

Outcome(s) (ICD-9): All 
respiratory (460-6, 477, 480-6, 
480-6, 490-3, 496); Asthma 
(493); COPD (491-2, 496); 
Pneumonia (480-486); Upper 
Respiratory Infection (460-6, 
477) 

Age groups analyzed: All, 2-18 

Study Design: Time-series 

N: 484,830 

# of Hospitals: 31 

Statistical Analyses: Poisson 
Regression, GEE, GLM, and 
GAM (data not shown for 
GAM) Covariates: day of wk, 
hospital entry/exit, holidays, 
time trend; season, 
temperature, dew point 
temperature 

Statistical Package: SAS, S-
Plus 

Lag: 0 to 7 days. 3-day moving 
avgs 

1-h max: 45.9 ppb, 

SD = 17.3 

O3; r = 0.42 

SO2; r = 0.34 

CO; r = 0.68 

PM10; r = 0.46 

Evaluated multipollutant 
models (data not 

shown) 

Increment: 20 ppb 

All respiratory 

RR 1.016 [1.006, 1.027] lag 0-2, 3-day 
moving avg 

Upper Respiratory Infection (URI) 

RR 1.019 [1.006, 1.031] lag 0-2, 3-day 
moving avg 

Asthma 

All: 1.014 [0.997, 1.030] lag 0-2, 3-day 
moving avg 

2-18: 1.027 [1.005, 1.050] lag 0-2, 3-day 
moving avg 

Pneumonia 

RR 1.000 [0.983, 1.019] lag 0-2, 3-day 
moving avg  

COPD 

RR 1.035 [1.006, 1.065] lag 0-2, 3-day 
moving avg 

Tolbert et al. 
(2000) 

Atlanta, GA, 
United States 

Period of Study: 

1993-1995 

Outcome(s) (ICD-9): Asthma 
(493), wheezing (786.09), 
Reactive airways disease 
(RADS) (519.1) 

Age groups analyzed: 0-16; 2-
5, 6 10, 11-16 

Study Design: Case-Control 

N: 5,934 

Statistical Analyses: Ecological 
GEE analysis (Poisson model 
with logit link) and logistic 
regression 

Covariates: Day of wk, day of 
summer, yr, interaction of day 
of summer and yr 

Season: Summers only 

Statistical Package: SAS 

Lag: 1 day (a priori) 

NOX 1-h max 
continuous 

Mean: 81.7 ppb,  
SD = 53.8 

Range = 5.35, 306 

Number of stations: 2 

PM10; r = 0.44 

O3; r = 0.51 

Increment: 50 ppb 

Age 0-16: 

RR 1.012 [0.987, 1.039] lag 1 

Tolbert et al. 
(2007) 

Atlanta, GA 

Period of Study:  

1993-2004 

Outcome(s) (ICD-9): Combined 
respiratory diseases (493, 
786.07, 786.09, 491, 492, 496, 
460-465, 477, 480-486, 466.1, 
466.11, 466.19) 

Age groups analyzed: All 

Study Design: Time-series 

N: 1,072,429 

Number of hospitals: 41 

Statistical Analyses: Poisson 
regression with GLM 

Covariates: Day of wk, season, 
hospital, holiday, temperature, 
dew point 

Statistical Package: SAS vs. 
9.1 

Lag: 0-2 (a priori) 

1-h max: 43.2 ppb 

Range: 1.0-181.0 

10th: 22.0 

25th: 31.0 

50th: 41.0 

75th: 54.0 

90th: 66.0 

PM10; r = 0.53 

O3; r = 0.44 

SO2; r = 0.36 

CO; r = 0.70 

PM2.5; r = 0.47 

PM10-2.5; r = 0.48 

PM2.5sulfate; r = 0.14 

PM2.5EC; r = 0.64 

PM2.5OC; r = 0.62 

OHC; r = 0.24 

Increment: 23 ppb (IQR) 

RR 1.015 [1.004, 1.025] lag 0-2 
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Cassino* et al. 
(1999) 

New York City, 
NY 

United States 

Period of Study:  

1/1989-12/1993 

Outcome(s) (ICD-9): Asthma 
(493); COPD (496), bronchitis 
(490), emphysema (492), 
bronchiectasis (494) 

Study Design: Time-series 

N: 1,115 

# of Hospitals: 11 

Statistical Analyses: Time-
series regression, Poisson 
regression with GLM and GAM; 
Linear regression, Logistic 
regression with GEE 

Covariates: Season, trend, day 
of wk, temperature, humidity 

Statistical Package: S Plus and 
SAS 

Lag: 0-3 days 

24-h avg NO2: 

Mean: 45.0 ppb 

Median: 43 ppb 

10% 31 ppb 

25% 37 ppb 

75% 53 ppb 

90% 63 ppb 

O3 

CO 

SO2 

Increment: 15 ppb (IQR) 

RR 0.97 [0.85, 1.09] lag 0 

RR 1.04 [0.92, 1.18] lag 1 

RR 1.06 [0.94, 1.2] lag 2 

RR 0.97 [0.86, 1.09] lag 3 
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CANADA 
Bates et al. 
(1990) 

Vancouver 
Region, 
BC, Canada 

Period of Study: 
7/1/1984-
10/31/1986 

Outcome(s) (ICD 9): Asthma 
(493); Pneumonia (480-486); 

Chronic bronchitis (491,492,49
6); 

Other respiratory (466) 

Age groups analyzed: All; 15-
60 

Study Design: 

# of Hospitals: 9 

Statistical Analyses: Pearson 
correlation coefficients were 
calculated between asthma 

visits and environmental 
variables 

Season: Warm (May-Oct); 
Cool (Nov-Apr) 

Covariates: NR 

Statistical Package: NR 

Lag: 0, 1, 2 

May-Oct 

SO2 1-h max: 

Range: 0.0337-
0.0458 ppm 

Nov-Apr 

Range: 0.0364-
0.0455 ppm 

Number of stations: 11

May-Oct. 

O3; r = 0.35 

SO2; r = 0.67 

CoH; r = 0.53 

SO4; r = 0.50 

Nov-Apr 

O3; r = 0.31 

SO2; r = 0.61 

CoH; r = 0.69 

SO4; r = 0.49 

Correlation Coefficients: 

Warm Season (May-Oct) 

Asthma (1-14 yrs) 

NR lag 0  

NR lag 1 

NR lag 2 

Respiratory (1-14) 

NR lag 0  

NR lag 1 

NR lag 2 

Total (1-14) 

NR lag 0  

NR lag 1 

NR lag 2 

Asthma (15-60 yrs) 

NR lag 0  

NR lag 1 

NR lag 2 

Respiratory (15-60 yrs) 

r = 0.120 lag 0 p < 0.01 

NR lag 1  

NR lag 2 

Total (15-60 yrs) 

NR lag 0  

NR lag 1 

NR lag 2 

Asthma (61+ yrs) 

NR lag 0  

NR lag 1 

NR lag 2 

Respiratory (61+ yrs) 

NR lag 0  

NR lag 1 

NR lag 2 
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(1990) (cont’d) 

 

   Total (61+ yrs) 

NR lag 0  

NR lag 1 

NR lag 2 

Cool Season (Nov - Apr) 

Asthma (1-14 yrs) 

NR lag 0  

NR lag 1 

NR lag 2 

Respiratory (1-14) 

NR lag 0  

NR lag 1 

NR lag 2 

Total (1-14) 

NR lag 0  

NR lag 1 

NR lag 2 

Asthma (15-60 yrs) 

NR lag 0  

NR lag 1 

NR lag 2 

Respiratory (15-60 yrs) 

r = 0.120 lag 0 p < 0.01 

NR lag 1  

NR lag 2 

Total (15-60 yrs) 

NR lag 0  

NR lag 1 

NR lag 2 

Asthma (61+ yrs) 

NR lag 0  

Bates et al. 
(1990) 

(cont’d) 

   NR lag 1 

NR lag 2 

Respiratory (61+ yrs) 

r = 0.132 lag 0 p < 0.01 

r = 0.176 lag 1 p < 0.001 

r = 0.178 lag 2 p < 0.001 

Total (61+ yrs) 

NR lag 0 

NR lag 1 

NR lag 2 
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Kesten et al. 
(1995) 

Toronto, ON 

Period of Study: 
7/1/1991-
6/30/1992 

Outcome(s): Asthma 

Age groups analyzed: All 

Study Design: Time-series 

N: 854 

# of Hospitals: 1 

Statistical analysis: 
Autoregressive technique 

Statistical Package: SAS v 6.04 

Lag: 0,1 

24-h avg NO2: 

Range: 2.20-3.75 Η 
0.01 ppm 

SO2 

O3 

Lag 0: “No statistically discernible regression 
coefficients” 

Lag 0-6: “No statistically discernible 
regression coefficients” 

Mean weekly indices lagged 1 wk behind 
weekly mean number of visits: p = 0.005 

Stieb et al. 
(1996) 

St. John, New 
Brunswick, 
Canada 

Period of Study: 
1984-1992  

Outcome(s): Asthma 

(May-Sept only) 

ICD-9 Codes: NR 

Age groups analyzed: 0-15, 
>15 

Study Design: Time-series 

N: 1,163 

# of Hospitals: 2 

Statistical Analyses: SAS NLIN 
(Equivalent to Poisson GEE) 

Covariates: day of wk, long-
term trends 

Season: Summers only (May-
Sep) 

Dose-response investigated: 
Yes 

Statistical Package: SAS 

Lag: 0-3 days 

1-h max NO2 (ppb) 

Mean: 25.2 

Range: 0, 120 

95th: 60 

O3; r = 0.16 

SO2; r = -0.03 

SO42-; r = 0.16 

TSP; r = 0.15 

Increment: NR 

NO2 + O3: ≥ = -0.0037 (0.0023) lag 2 

Stieb* et al. 
(2000) 

Saint John, New 
Brunswick, 
Canada 

Period of Study: 

Retrospective: 

7/92-6/94 

Prospective:  

7/94-3/96 

Outcome(s): Asthma; COPD; 
Respiratory infection 

(bronchitis, bronchiolitis, croup, 
pneumonia);  
All respiratory 

ICD-9 Codes: NR 

Age groups analyzed: All 

Study Design: Time-series 

N: 19,821 

Statistical Analyses: Poisson 
regression, GAM 

Covariates: Day of wk, 
selected weather variables in 

each model 

Seasons: All yr, summer only 

Dose-response investigated: 
Yes 

Statistical Package: S-Plus 

Lag: all yr = 0; summer 

only = 8 

Annual mean: 8.9 ppb 

Spring/fall mean: 
10.0 ppb Max: 82 

O3; r = -0.02 

SO2; r = 0.41 

TRS; r = 0.16 

PM10; r = 0.35 

PM2.5; r = 0.35 

H+; r = 0.25 

SO42-; r = 0.33 

COH; r = 0.49 

Assessed multipollutant 
models 

 

Increment: 8.9 ppb (IQR) 

Respiratory visits: -3.8%, p = 0.070 lag 0 

May to Sept: 11.5%, p = 0.17 lag 8 

Multipollutant model (NO2, O3, SO2) 

-3.6% [-7.5, 0.5] lag 0 

Multipollutant model (ln(NO2), O3, SO2 COH) 

May to Sep: 4.7% [0.8 to 8.6] lag 8 

Non-linear effect of NO2 on summertime 
respiratory visits observed and log 
transformation strengthened the association. 
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EUROPE and MIDDLE-EAST 
Sunyer et al. 
(1997) 

Multi-city, 
Europe 
(Barcelona, 
Helsinki, Paris, 
London) 

Period of Study: 
1986-1992 

Outcomes (ICD-9): Asthma 
(493) 

Age groups analyzed: <15, 15-
64 

Study Design: Time-series 

Statistical Analyses: APHEA 
protocol, Poisson regression, 

GEE; meta-analysis 

Covariates: Humidity, 
temperature, influenza, 

soybean, long-term trend, 
season, day of wk 

Season: Cool, Oct-Mar; Warm: 
Apr-Sep 

Statistical Package: NR 

Lag: 0,1,2,3 and cumulative 1-
3 

24-h median (range) 
(µg/m3) 

Barcelona: 53 (5, 142) 

Helsinki: 35 (9, 78) 

London: 69 (27, 347) 

Paris: 42 (12, 157) 

# of stations: 

Barcelona: 3 

London: 2 

Paris: 4 

Helsinki: 8 

SO2 

black smoke 

O3 

Increment: 50 µg/m3 of 24-h avg for all cities 
combined 

Asthma  

15-64 yrs  

1.029 [1.003, 1.055] lag 0-1 

1.038 [1.008, 1.068] lag 0-3, cumulative 

<15 yrs  

1.026 [1.006, 1.049] lag 2 

1.037 [1.004, 1.067] lag 0-3, cumulative 

1.080 [1.025, 1.140] - Winter only 

Two-pollutant models: 

NO2/Black smoke 

15-64 yrs 1.055 [1.005, 1.109] lag 0-1 

15-64 yrs 1.088 [1.025, 1.155] cumulative 0-
3  

<15 yrs 1.036 [0.956, 1.122] 

NO2/SO2 

<15 yrs 1.034 [0.988, 1.082] 

Atkinson et al. 
(1999b) 

London, United 
Kingdom 

Period of Study: 

1/92-1294 

Outcome(s) (ICD-9): 
Respiratory ailments (490-

496), including asthma, 
wheezing, inhaler request, 

chest infection, COPD, 
difficulty in breathing, cough, 

croup, pleurisy, noisy breathing 

Age groups analyzed: 0-14; 15-
64; ≥65; All ages 

Study Design: Time-series 

N: 98,685 

# of Hospitals: 12 

Statistical Analyses: Poisson 
regression, APHEA protocol 

Covariates: Long-term trend, 
season, day of wk, influenza, 

temperature, humidity 

Statistical Package: SAS 

Lag: 0,1,0-2, and 0-3 days 

1-h max: 50.3 ppb, 
SD = 17.0 

# of Stations: 3;  
r = 0.70, 0.96 

NO2, O3 

(8 h), SO2 

(24 h), CO (24 h), 
PM10 (24 h), BS 

Increment: 36 ppb in 1-h max 

Single-pollutant model 

Asthma Only 

0-14 yrs 8.97% [4.39, 13.74] lag 1 

15-64 yrs 4.44% [0.14, 8.92] lag 1 

All ages 4.37% [1.32, 7.52] lag 0 

All Respiratory 

0-14 yrs 2.17% [-0.49, 4.91] lag 1 

15-64 yrs 1.87% [-0.69, 4.49] lag 2 

≥65 yrs 3.97% [0.51, 7.55] lag 0 

All Ages 1.20% [-0.57, 3.00] 

Two-pollutant model Asthma Only 0-14 yrs: 

SO2: 5.75% [0.39, 11.40] lag 1 

CO: 8.34% [3.61, 13.29] lag 0 

PM10: 6.95% [1.96, 12.19] lag 2 

BS: 8.32% [3.56, 13.30] lag 2 

O3: 9.68% [5.02, 14.54] lag 0 
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Buchdahl et al. 
(1996) 

London, United 
Kingdom 

Period of Study: 
3/1/92-2/28/93 

Outcomes: Daily acute wheezy 
episodes 

ICD-9: NR 

Age groups analyzed: ≥16 

Study Design: Case-control 

N: 1,025 cases, 4,285 controls 

Number of hospitals: 1 

Statistical Analyses: Poisson 
regression 

Covariates: Season, 
temperature, wind speed 

Season: Spring (Apr-Jun), 
Summer  

(Jul-Sep), Autumn (Oct Dec),  
Winter (Jan-Mar) 

Statistical Package: Stata 

Lag: 0-7 days 

NO2 24-h yr round 
mean: 60 µg/m3,  

SD = 17 

IQR: 17 µg/m3 

Spring: 59 (19) 

Summer: 55 (18) 

Fall: 66 (13) 

Winter: 61 (17) 

SO2 r = 0.62 

O3 r = -0.18 

Increment: 17 µg/m3 (IQR) 

No adjustments to model 

RR 1.07 [1.01, 1.14] lag not specified 

Adjusted for temperature and season. 

RR 1.02 [0.96, 1.09] lag not specified 

Thompson et al. 
(2001) 

Belfast, Northern 
Ireland 

Period of Study: 

1993-1995 

Outcome(s): Asthma 

ICD-9 Code(s): NR 

Age groups analyzed: Children 

Study Design: Time-series 

N: 1,044 

Statistical Analyses: Followed 
APHEA protocol, Poisson 

regression analysis 

Covariates: Season, long-term 
trend, temperature, day of wk, 

holiday 

Season: Warm (May-Oct);  
Cold (Nov-Apr) 

Statistical Package: Stata 

Lag: 0-3 

Warm Season 

NO2 (ppb): Mean: 
19.20; 

SD = 7.90;  
IQR: 13.0, 23.0 

NOX (ppb): Mean: 
35.50; 

SD = 25.50;  
IQR: 21.0, 40.0 

NO (ppb): Mean: 16.4; 

SD = 19.70;  
IQR: 7.0, 17.0 

Cold Season 

NO2 (ppb): Mean: 
23.30; 

SD = 9.00;  
IQR: 18.0, 28.0 

NOX (ppb): Mean: 
50.50; 

SD = 50.50;  
IQR: 26.0, 56.0 

NO (ppb): Mean: 
27.30; 

SD = 43.10;  
IQR: 9.0, 28.0 

NO2: 

PM10; r = 0.77 

SO2; r = 0.82 

NOX; r = 0.93 

NO; r = 0.84 

O3; r = -0.62 

CO; r = 0.69 

Benzene; r = 0.83 

NOX: 

PM10; r = 0.73 

SO2; r = 0.83 

NO2; r = 0.92 

NO; r = 0.97 

O3; r = -0.73 

CO; r = 0.74 

Benzene; r = 0.86 

NO: 

PM10; r = 0.65 

SO2; r = 0.76 

NOX; r = 0.97 

NO2; r = 0.84 

O3; r = -0.76 

CO; r = 0.71 

Benzene; r = 0.82 

NO2 Increment: 10 ppb 

NOX Increment: per doubling 

NO Increment: per doubling 

NO2 

Lag 0 RR 1.08 [1.03, 1.13] 

Lag 0-1 RR 1.11 [1.05, 1.17] 

Lag 0-2 RR 1.10 [1.04, 1.17] 

Lag 0-3 RR 1.12 [1.03, 1.20] 

Warm only Lag 0-1 RR 1.14 [1.04, 1.26] 

Cold only Lag 0-1 RR1.10 [1.03, 1.17] 

Adjusted for Benzene Lag 0-1 RR 0.99  
[0.87, 1.13] 

NOX 

Lag 0 RR 1.07 [1.02, 1.12] 

Lag 0-1 RR 1.10 [1.05, 1.16] 

Lag 0-2 RR 1.10 [1.03, 1.17] 

Lag 0-3 RR 1.11 [1.04, 1.20] 

Warm only Lag 0-1 RR 1.13 [1.03, 1.24] 

Cold only Lag 0-1 RR 1.09 [1.02, 1.16] 

Adjusted for Benzene Lag 0-1 RR 0.89  
[0.77, 1.03] 

NO 

Lag 0 RR 1.04 [1.01, 1.07] 

Lag 0-1 RR 1.07 [1.03, 1.11] 

Lag 0-2 RR 1.06 [1.02, 1.11] 

Lag 0-3 RR 1.08 [1.02, 1.14] 

Warm only Lag 0-1 RR 1.08 [1.01, 1.16] 

Cold only Lag 0-1 RR 1.06 [1.01, 1.11] 

Adjusted for Benzene Lag 0-1 RR 0.93  
[0.85, 1.01] 
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Boutin-Forzano 
et al. (2004) 

Marseille, 
France 

Period of Study: 

4/97-3/98 

Outcome(s): Asthma 

ICD-9 Code(s): NR 

Age groups analyzed: 3-49 

Study Design: Case-crossover 

N: 549 

Statistical Analyses: Logistic 
regression 

Covariates: Minimal daily 
temperature, maximum daily 
temperature, minimum daily 
relative humidity, maximum 

daily relative humidity, day of 
wk 

Statistical Package: NR 

Lag: 0-4 days 

Mean NO2: 34.9 µg/m3 

Range: 3.0, 85 

SO2; r = 0.56 

O3; r = 0.58 

Increment: 10 µg/m3 

Increased ER visits 

OR 1.0067 [0.9960, 1.0176] lag 0 

Castellsague 
et al. (1995) 

Barcelona, Spain 

Period of Study: 

1986-1989 

Outcome(s): Asthma 

ICD-9 Code(s): NR 

Age groups analyzed: 15-64 

Study Design: Time-series 

# of Hospitals: 4 

Statistical Analyses: Poisson 
regression 

Covariates: long-time trend, 
day of wk, temperature, relative 

humidity, dew point 
temperature 

Seasons: Winter: Jan-Mar; 

Summer: Jul-Sep 

Dose-Response investigated: 
Yes 

Statistical Package: NR 

Lag: 0, 1-5 days and 
cumulative 

Summer: lag 2 days 

Winter: lag 1 day 

Mean NO2 (µg/m3) 

Summer: 104.0 

Winter: 100.8 

IQR (µg/m3): 

Summer: 48 

Winter: 37 

# of Stations: 15 
manual, 3 automatic 

SO2; r = NR 

O3; r = NR 

Increment: 25 µg/m3  

Seasonal differences 

Summer:  

1.071 [1.101, 1.130] lag 0-5 cumulative 

1.045 [1.009, 1.081] lag 0 

Winter:  

1.072 [1.010, 1.137] lag 0-2 cumulative 

1.056 [1.011, 1.104] lag 0 

Asthma visits increased across quartiles of 
NO2 in summer; a positive but less consistent 
increase across quartiles was observed in 
winter. 

Tobías et al. 
(1999) 

Barcelona, Spain 

Period of Study: 

1986-1989 

Outcome(s): Asthma 

ICD-9: NR 

Age groups analyzed: >14 

Study Design: Time-series 

Statistical Analyses: Poisson 
regression, followed APHEA 

protocol 

Covariates: temperature, 
humidity, long-term trend, 

season, day of wk 

Statistical Package: NR 

Lag: NR 

24-h avg NO2 µg/m3 

Non-epidemic days: 
54.7 (20.8) 

Epidemic days: 

58.9 (26.7) 

BS 

SO2 

O3 

≥ Η 104 (SE Η 104 ) using Std Poisson 

Without modeling asthma epidemics: 
11.25 (11.79) p > 0.1 

Modeling epidemics with 1 dummy variable: 
1.18 (7.59) p > 0.1 

Modeling epidemics with 6 dummy variables: 
13.60 (7.79) p < 0.1 

Modeling each epidemic with dummy 
variable: 14.40 (7.44) p < 0.1 

≥ Η 104 (SE Η 104) using Autoregressive 
Poisson 

Without modeling asthma epidemics:  

13.65 (11.81) p > 0.1 

Modeling epidemics with 1 dummy variable: 
3.28 (7.77) p > 0.1 

Modeling epidemics with 6 dummy variables: 
16.49 (8.01) p < 0.05 

Modeling each epidemic with dummy 
variable: 18.18 (8.01) p < 0.1 
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Galán et al. 
(2003) 

Madrid, Spain 

Period of Study:  

1995-1998 

Outcome(s) (ICD-9): Asthma 
(493) 

Age groups analyzed: All 

Study Design: Time-series 

N: 4,827 

Statistical Analyses: Poisson 
regression, (1) classic APHEA 

protocol and (2) GAM with 
stringent criteria 

Covariates: trend, yr, season, 
day of wk, holidays, 

temperature, humidity, 
influenza, acute respiratory 

infections, pollen 

Statistical Package: NR 

Lag: 0-4 days 

24-h mean: 67.1 
µg/m3 

SD = 18.0 

IQR: 20.5 

Max: 147.5 

# of Stations: 15 

PM10; r = 0.717 

SO2; r = 0.610 

O3; r = -0.209 

Increment: 10 µg/m3 

Asthma: 

RR 1.013 [0.991, 1.035] lag 0 

RR 1.011 [0.989, 1.032] lag 1 

RR 1.013 [0.992, 1.034] lag 2 

RR 1.033 [1.013, 1.054] lag 3 

RR 1.026 [1.006, 1.047] lag 4 

Multipollutant model: 

NO2/SO2 1.031 [1.004, 1.059] lag 3 

NO2/PM10 1.001 [0.971, 1.031] lag 3 

NO2/Pollen 1.024 [1.004, 1.044] lag 3 

NO2/Pollen/O3 1.024 [1.005, 1.045] Poisson 

NO2/Pollen/O3 1.022 [1.005, 1.040] GAM 

Tenías et al. 
(1998) 

Valencia, Spain 

Period of Study: 

1993-1995 

Seasons: 

Cold: Nov-Apr 

Warm: May-Oct 

Outcome(s): Asthma 

ICD-9 Code(s): NR 

Age groups analyzed: >14 

Study Design: Time-series 

N: 734 

Statistical Analyses: Poisson 
regression, APHEA protocol 

Covariates: Seasonality, 
temperature, humidity, long-

term trend, day of wk, holidays, 
influenza 

Seasons: Cold: Nov-Apr;  
Warm: May-Oct 

Dose-Response Investigated: 
Yes 

Statistical Package: NR 

Lag: 0-3 days 

 

24 h: 

57.7 µg/m3 

Cold: 55.9 

Warm: 59.4 

1-h max: 

101.1 µg/m3 

Cold: 97.3 

Warm: 102.8 

# of Stations: 2 

24 h: 

O3; r = -0.304 

SO2 (24 h); r = 0.265 

SO2 (1 h); r = 0.261 

1 h: 

O3; r = -0.192 

SO2 (24 h); r = 0.199 

SO2 (1 h); r = 0.201 

Increment: 10 µg/m3 

NO2 24-h avg 

All yr 1.076 [1.020, 1.134] lag 0 

Cold: 1.083 [1.022, 1.148] lag 0 

Warm: 1.066 [0.989, 1.149] lag 0 

NO2 1-h max 

All yr 1.037 [1.008, 1.066] lag 0 

Cold: 1.034 [1.004, 1.066] lag 0 

Warm: 1.044 [1.002, 1.088] lag 0 

Tenías et al. 
(2002) 

Valencia, Spain 

Period of Study: 
1994-1995 

Outcome(s): COPD 

ICD-9 Code(s): NR 

Age groups analyzed: >14 

Study Design: Time-series 

N: 1,298 

# of Hospitals: 1 

Statistical Analyses: Poisson 
regression, APHEA protocol; 

basal models and GAM 

Covariates: Seasonality, 
annual cycles, temperature, 

humidity, day of wk, feast days 

Seasons: Cold: Nov-Apr;  
Warm: May-Oct 

Dose-Response Investigated: 
Yes 

Statistical Package: NR 

Lag: 0-3 days 

NO2 24-h avg: 
7.7 µg/m3; Range: 12, 

135 

1-h max: 100.1 µg/m3; 
Range: 31, 305 

# of Stations: 6 
manual and 5 

automatic; r = 0.87 

BS; r = 0.246 

SO2; r = 0.194 

CO; r = 0.180 

O3; r = -0.192 

Increment: 10 µg/m3 

24-h avg NO2 

All yr RR 0.979 [0.943, 1.042] lag 0 

Cold: 24-h avg: RR 0.991 [0.953, 1.030] lag 0 

Warm: 24-h avg: RR 0.961 [0.900, 1.023] lag 
0 

1-h max NO2 

All yr RR 0.986 [0.966, 1.007] lag 0 

Cold: 24-h avg: RR 0.996 [0.975, 1.018] lag 0 

Warm: 24-h avg: RR 0.968 [0.935, 1.003] lag 
0 

Possibility of a linear relationship between 
pollution and risk of emergency cases could 
not be ruled out. 
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Migliaretti et al. 
(2005) 

Turin, Italy 

Period of Study: 
1997-1999 

Outcome (ICD-9): Asthma 
(493) 

Age groups analyzed:  
<15, 15-64, >64 

Study Design: Case-Control 

Controls: age matched with 
other respiratory disease (ICD-
9: 460 487, 490-2, 494-6, 500-

19) or heart disease  
(ICD-9: 390-405, 410-429) 

N: cases = 1,401 

controls = 201,071 

Statistical Analyses: Logistic 
regression 

Covariates: Seasonality, 
temperature, humidity, solar 

radiation, wind velocity, day of 
wk, holiday, gender, age, 

education level 

Seasons: Cold: Oct-Mar; 
Warm: Apr-Sep 

Statistical Package: NR 

Lag: 0-3 days and cumulative 

All Participants: 

24-h mean: 112.7 
µg/m3, 

SD = 30.2,  
Median: 107.7 

Cases: 

24-h mean: 117.1 
µg/m3, 

SD = 30.0,  
Median: 113.0 

Controls: 

24-h mean: 112.7 
µg/m3, 

SD = 30.2,  
Median: 107.7 

# of Stations: 10; r = 
0.79 

TSP; r = 0.8 

Two-pollutant model 
adjusted for TSP 

Increment: 10 µg/m3  

Single-pollutant (NO2): 

<15 yrs 2.3% [0.3, 4.40] 

15-64 yrs 3.10% [-0.01, 7.70] 

>64 yrs 7.70% [0.20, 15.20] 

All ages 2.40% [0.5, 4.30] 

Copollutant (NO2 and TSP) 

<15 yrs 1.71% [-0.02, 5.00] 

15-64 yrs 1.20% [-0.06, 6.50] 

>64 yrs 0.91% [-0.08, 5.91] 

All ages 1.10% [-0.02, 3.82] 

Bedeschi et al. 
(2007) 

Reggio Emilia, 
Italy 

Period of Study:  

03/2001-
03/2002 

Outcome (ICD-9): Respiratory 
disorders, asthma or asthma-

like disorders, other respiratory 
disorders 

Age groups analyzed: <15 

Study Design: Time-series 

N: 854 children, 1051 visits 

Statistical Analyses: Poisson 
regression with GAM 

Covariates: Weekday, festivity 
day, humidity, precipitation, 
temperature, flu epidemic, 

pollen concentrations 

Statistical Package: R software 

Lag: 0-5 days and cumulative 

24-h avg: NO2 (µg/m3) 

Mean: 49 (13.8) 

Range: 21.6-107.5 

Median: 47.5 

SO2; r = 0.56 

CO;r = 0.77 

TSP; r = 0.58 

PM10; r = 0.57 

O3; r = -0.50 

Increment: 10 µg/m3 

All Respiratory Disorders:  

Italians: 9% [1.0, 17.6] lag 4 

Foreigners: 17.6% [3.9, 33.0] lag 4 

All: 11.0% [3.6, 18.8] lag 4 

Vigotti et al. 
(2007) 

Pisa, Italy 

Period of Study: 
2000 

 

Outcome (ICD-9): Respiratory 
complaints (493, 468, 466) 

Age groups analyzed: <10, >65 

Study Design: Ecologic 

N: 966 

Number of hospitals: 1 

Statistical Analyses: Robust 
poisson regression in GAM 

model 

Covariates: Day of study, 
temperature, humidity, rain, 

influenza epidemics, day of wk, 
holidays 

Statistical Package: NR 

Lag: up to 5 d 

24-h avg: 45.6 (11.0) 
µg/m3 

Range: 21.3-74.0 

50th: 44.8 

Number of monitors: 3 

PM10; r = 0.58 

CO; r = 0.62 

Increment: 10 µg/m3 

Children: 1.118 [1.014, 1.233] lag 0-2 

65+: 1.06 [0.967, 1.162] lag 0-2 

 



 

6-68 

STUDY METHODS 
MEAN LEVELS OF 

NO2 & 
MONITORING 

STATIONS 

COPOLLUTANT 
CORRELATIONS 

EFFECTS AND INTERPRETATION: 
RELATIVE RISK & CONFIDENCE 

INTERVALS (95%) 

Pantazopoulou 
et al. (1995) 

Athens, Greece 

Period of Study : 
1988 

Outcomes: All respiratory visits 

ICD-9: NR 

Age groups analyzed: All ages 

Study Design: Time-series 

N: 213,316 

Number of hospitals: 14 

Statistical Analyses: Multiple 
linear regression 

Covariates: Season, day of wk, 
holiday, temperature, relative 

humidity 

Season: Warm (3/22-9/21),  
Cold (1/1-3/21 and 9/22-12/31) 

Lag: NR 

NO2 24-h avg 

Winter: 94 µg/m3, 
SD = 25 

5th: 59, 50th: 93, 

95th: 135 

Summer: 111 µg/m3, 

SD = 32 

5th: 65, 50th: 108, 

95th: 173 

# of stations: 2 

CO 

BS 

Increment: 76 µg/m3 in winter and 108 µg/m3 
in summer (95th-5th) 

Respiratory disease admissions 

Winter: Percent increase: ≥ = 66.8 [19.6, 
113.9] 

Summer: Percent increase: ≥ = 21.2 [-35.1, 
77.5] 

Garty et al. 
(1998) 

Tel Aviv, Israel 

1993 

Outcome(s): Asthma 

ICD-9 Code(s): NR 

Age groups analyzed: 1-18 

Study Design: Descriptive study 
with correlations 

N: 1,076 

Statistical Analyses: Pearson 
correlation and partial 
correlation coefficients 

Covariates: Maximum and 
minimum ambient 

temperatures, relative humidity, 
and barometric pressure 

Statistical Package: Statistix 

24-h mean of NOX 
(estimated from 

histogram): 60 µg/m3; 
Range: 50, 250 

 Correlation between NOX and ER visits for 
asthma: 

All Yr: 

Daily data r = 0.30 

Running mean for 7 days r = 0.62 

Excluding Sept: 

Daily data r = 0.37 

Running mean for 7 days r = 0.74 

38% of variance in number of ER visits 
explained by fluctuations in NOX. Increases to 
55% when Sept. is omitted from analyses. 

LATIN AMERICA 
Farhat* et al. 
(2005) 

São Paulo, 
Brazil 

Period of Study:  

1996-1997 

Outcome(s) (ICD-9): Lower 
Respiratory Disease (466, 480-

5) 

Age groups analyzed: <13 

Study Design: Time-series 

N: 4,534 

# of Hospitals: 1 

Statistical Analyses: (1) Poisson 
regression and (2) GAM-no 
mention of more stringent 

criteria 

Covariates: Long-term trends, 
seasonality, temperature, 

humidity 

Statistical Package: S-Plus 

Lag: 0-7 days, 2,3,4 day moving 
avg 

Mean: 125.3 µg/m3 

SD = 51.7 

IQR: 65.04 µg/m3 

# of Stations: 6 

PM10; r = 0.83 

SO2; r = 0.66 

CO; r = 0.59 

Increment: IQR of 65.04 µg/m3 

Single-pollutant models (estimated from 
graphs): 

LRD ~17.5% [12.5, 24] 

Multipollutant models: 

Adjusted for: 

PM10 16.1% [5.4, 26.8] 4 day avg 

SO2 24.7% [18.2, 31.3] 4 day avg 

CO 19.2% [11.8, 26.6] 4 day avg 

Multipollutant model 

18.4% [3.4, 33.5] 4 day avg 
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Martins* et al. 
(2002) 

São Paulo, 
Brazil 

Period of Study:  

5/96-9/98 

Outcome(s) (ICD-10): Chronic 
Lower Respiratory Disease 
(CLRD) (J40-J47); includes 

chronic bronchitis, emphysema, 
other COPDs, asthma, 

bronchiectasia 

Age groups analyzed: >64 

Study Design: Time-series 

N: 712 

# of Hospitals: 1 

Catchment area: 13,163 total 
ER visits 

Statistical Analyses: Poisson 
regression and GAM - no 
mention of more stringent 

criteria 

Covariates: Weekdays, time, 
minimum temperature, relative 
humidity, daily number of non-
respiratory emergency room 

visits made by elderly 

Statistical Package: S-Plus 

Lag: 2-7 days and 3 day moving 
avgs 

NO2 max 1-h avg 
(µg/m3): 

117.6,  
SD = 53.0, 

Range: 32.1, 421.6 

IQR: 62.2 µg/m3 

# of Stations: 4 

O3; r = 0.44 

SO2; r = 0.67 

PM10; r = 0.83 

CO; r = 0.62 

Increment: IQR of 62.2 µg/m3  

Percent increase: 4.5% [-6.5, 15] lag 3 day 
moving avg (estimated from graph) 
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Ilabaca et al. 
(1999) 

Santiago, Chile 

Period of Study:  

2/1/95 – 8/31/96 

Outcome(s) (ICD-9): Upper 
respiratory illness (460 465, 

487); 

Days: 578 

Lower respiratory illness 

(466, 480-486, 490-494, 496, 
519.1, 033.9); 

Pneumonia (480 486) 

Age groups analyzed: <15 

Study Design: Time-series 

# of Hospitals: 1 

Statistical Analyses: Poisson 
regression 

Covariates: Long-term trend, 
season, day of wk, temperature, 

humidity, influenza epidemic 

Season: Warm (Sep-Apr), 

Cool (May-Aug) 

Statistical Package: NR 

Lag: 0-3 days 

24-h avg NO2: 

Warm: 

Mean: 97.0 

Median: 91.5 

SD = 34.6 

Range: 37.2, 246 

5th: 54.3 

95th: 163.0 

Cool: 

Mean: 160.2 

Median: 154.4 

SD = 59.5 

Range: 60.1, 397.5 

5th: 74.4 

95th: 266.0 

# of stations: 4, r = 
0.70, 0.88 

 

Warm: 

SO2; r = 0.66 

O3; r = 0.15 

PM10; r = 0.71 

PM2.5; r = 0.70 

Cool: 

SO2; r = 0.74 

O3; r = 0.22 

PM10; r = 0.82 

PM2.5; r = 0.80 

Increment: IQR 

All respiratory 

Cool 

Lag 2 IQR: 56.4 RR 1.0378 [1.0211, 1.0549] 

Lag 3 IQR: 56.4 RR 1.0294 [1.0131, 1.0460] 

Lag avg 7 IQR: 33.84 RR 1.0161 [1.0000, 
1.0325] 

Warm 

Lag 2 IQR: 30.08 RR 1.0208 [0.9992, 1.0428] 

Lag 3 IQR: 30.08 RR 1.0395 [1.0181, 1.0612] 

Lag avg 7 IQR: 22.56 RR 1.0251 [0.9964, 
1.0548] 

Upper respiratory 

Cool 

Lag 2 IQR: 56.4 RR 1.0569 [1.0339, 1.0803] 

Lag 3 IQR: 56.4 RR 1.0318 [1.0095, 1.0545] 

Lag avg 7 IQR: 33.84 RR 1.0177 [0.9960, 
1.0399] 

Warm  

Lag 2 IQR: 30.08 RR 1.0150 [0.9881, 1.0426] 

Lag 3 IQR: 30.08 RR 1.0425 [1.0157, 1.0699] 

Lag avg 7 IQR: 22.56 RR 0.9944 [0.9591, 
1.0311] 

Pneumonia 

Cool 

Lag 2 IQR: 56.4 RR 1.0824 [1.0300, 1.1374] 

Lag 3 IQR: 56.4 RR 1.0768 [1.0273, 1.1287] 

Lag avg 7 IQR: 33.84 RR 1.0564 [1.0062, 
1.1092] 

Warm 

Lag 2 IQR: 30.08 RR 1.1232 [1.0450, 1.2072] 

Lag 3 IQR: 30.08 RR 1.0029 [0.9332, 1.0779] 

Lag avg 7 IQR: 22.56 RR 1.1084 [1.0071, 
1.2200] 
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Lin et al. (1999) 

São Paulo, 
Brazil 

Period of Study: 
May 1991 - Apr 
1993 

Days: 621 

 

Outcome(s): Respiratory 
disease, Upper respiratory 
illness, Lower respiratory 

illness, Wheezing 

ICD-9 Code(s): NR 

Age groups analyzed: <13 

Study Design: Time-series 

# of Hospitals: 1 

Statistical Analyses: Gaussian 
and Poisson regression 

Covariates: Long-term trend, 
seasonality, day of wk, 
temperature, humidity 

Statistical Package: NR 

Lag: 5-day lagged moving avgs 

NO2 µg/m3: 

Mean: 163 

SD = 85 

Range: 2, 688 

Number of stations: 3 

SO2; r = 0.38 

CO; r = 0.35 

PM10; r = 0.40 

O3; r = 0.15 

Increment: NR 

All respiratory illness 

NO2 alone: RR 1.003 [1.001, 1.005] 5-day 
moving avg 

NO2 + PM10 + O3 + SO2 + CO: RR 0.996 
[0.994, 0.998] 

Lower respiratory illness 

NO2 alone: RR 0.999 [0.991, 1.007] 5-day 
moving avg 

NO2 + PM10 + O3 + SO2 + CO: RR 0.990 
[0.982, 0.998] 

Upper respiratory illness 

NO2 alone: RR 1.003 [0.999, 1.007] 5-day 
moving avg 

NO2 + PM10 + O3 + SO2 + CO: RR 0.996 
[0.992, 1.000] 

Wheezing 

NO2 alone: RR 0.996 [0.990, 1.002] 5-day 
moving avg 

NO2 + PM10 + O3 + SO2 + CO: RR 0.991 
[0.983, 0.999] 

ASIA 
Kim et al. (2007) 

Seoul, Korea 

Period of Study: 
2002 

Outcome(s) (ICD-10): Asthma 
(J45, J46) 

Age groups analyzed: All 

Study Design: Case-crossover 

N: 92,535 

Statistical Analyses: Conditional 
logistic regression 

Covariates: Time trend, 
weather conditions, seasonality 

Statistical Package: NR 

Lag: 0, 1, 2, 3, 4, 2-4 ma 

24-h avg: 36.0 
(14.7) ppb 

Range: 2.3-108.0 

50th: 34.3 

IQR: 20.1 

PM10 

CO 

SO2 

O3 

Increment: 20.1 ppb 

Stratified by individual SES: 

Highest SES quintile: 1.06 [1.02, 1.10] lag 2-4 

2nd Quintile: 1.06 [1.02, 1.09] lag 2-4 

3rd Quintile: 1.03 [0.99, 1.06] lag 2-4 

4th Quintile: 1.06 [1.02, 1.10] lag 2-4 

Lowest SES quintile: 1.05 [1.00, 1.10] lag 2-4 

Stratified by Regional SES: 

Highest SES quintile: 0.96 [0.90, 1.02] lag 2-4 

2nd Quintile: 1.08 [1.04, 1.13] lag 2-4 

3rd Quintile: 1.03 [1.00, 1.07] lag 2-4 

4th Quintile: 1.06 [1.02, 1.10] lag 2-4 

Lowest SES quintile: 1.06 [1.02, 1.09] lag 2-4 

Overall: 1.05 [1.03, 1.06] 

Relative Effect Modification for Interaction 
Terms:  

Stratified by individual SES Η air pollution: 

Highest SES quintile: 1.00 [referent] 

2nd Quintile: 0.99 [0.95, 1.04] 

3rd Quintile: 0.96 [0.92, 1.01] 

4th Quintile: 1.00 [0.95, 1.05] 

Lowest SES quintile: 0.99 [0.93, 1.05] 

Stratified by Regional SES Η air pollution: 

Kim et al. (2007) 

(cont’d) 

   Highest SES quintile: 1.00 [referent] 

2nd Quintile: 1.11 [1.03, 1.20] 

3rd Quintile: 1.07 [1.00, 1.15] 

4th Quintile: 1.09 [1.02, 1.17] 

Lowest SES quintile: 1.09 [1.02, 1.16] 
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Sun et al. (2006) 

Central Taiwan 

Period of Study: 
2004 

Outcome(s) (ICD-9): asthma 
(493) 

Age groups analyzed: <16, 16-
55 

Study Design: Cross-sectional 

Number of hospitals: 4 

Statistical Analyses: Multiple 
correlation coefficients/multiple 

regression analysis 

Covariates: 

Statistical Package: SPSS v 
12.0 

Lag: 

Number of monitors: 
11 

SO2 

O3 

CO 

PM10 

Children: 

r = 0.72, p = 0.004 

Adults: 

r = 0.428, p = 0.083 

Emergency visits for asthma increased with 
increased levels of NO2 for children but not 
for adults. 

Chew et al. 
(1999) 

Singapore 

Period of Study:  

1990-1994 

Outcome(s) (ICD-9): Asthma 
(493) 

Age groups analyzed: 3-12, 13-
21 

Study Design: Time-series 

N: 23,000 

# of Hospitals: 2 

Statistical Analyses: Linear 
regression, GLM 

Covariates: Variables that were 
significantly associated with ER 

visits were retained in the 
model 

Statistical Package: SAS/STAT, 
SAS/ETS 6.08 

Lag: 1,2 days avgs 

24-h avg: 18.9 µg/m3, 

SD = 15.0, Max < 40 

# of Stations: 15 

SO2; r = -0.22 

O3; r = 0.17 

TSP; r = 0.23 

Categorical analysis (via ANOVA) p-value 
and Pearson correlation coefficient (r) using 
continuous data comparing daily air pollutant 
levels and daily number of ER visits 

Age Group:3-12 13-21 

Lag 0 r = 0.10 r = 0.09 

 p = 0.0019 p < 0.001 

Lag 1 r = 0.12 r = 0.04 

 p < 0.001 p = 0.0014 

Lag 2 r = 0.14 r = 0.03 

 p < 0.001 p = 0.0066 

Hwang and 
Chan (2002) 

Taiwan 

Period of Study: 

1998 

Outcome(s) (ICD-9): Lower 
Respiratory Disease (LRD) 
(466, 480-6) including acute 
bronchitis, acute bronchiolits, 

pneumonia 

Age groups analyzed: 0-14, 15-
64, ≥65, all ages 

Study Design: Time-series 

Catchment area: Clinic records 
from 50 communities 

Statistical Analyses: Linear 
regression, GLM 

Covariates: Temperature, dew 
point temperature, season, day 

of wk, holiday 

Statistical Package: NR 

Lag: 0,1,2 days and avgs 

24-hr avg: 23.6 ppb, 

SD = 5.4, Range: 
13.0, 34.1 

SO2 

PM10 

O3 

CO 

No correlations for 
individual pollutants 

Colinearity of pollutants 
prevented use of 

multipollutant models 

Increment: 10% change in NO2 (natural avg) 
which is equivalent to 2.4 ppb. NOTE: The 
percent change is for the rate of clinic use 
NOT for relative risk for adverse effect. 

Increased clinic visits for lower respiratory 
disease (LRD) by age group 

0-14 yrs 

1.3% [1.0, 1.6] lag 0 

15-64 yrs 

1.5% [1.3, 1.8] lag 0 

≥65 yrs 

1.8% [1.4, 2.2] lag 0 

All ages 

1.4% [1.2, 1.6] lag 0 
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Tanaka et al. 
(1998) 

Kushiro, Japan 

Period of Study: 
1992-1993 

Outcome(s): Asthma 

ICD-9 Code(s): NR 

Age groups analyzed: 15-79 

Study Design: Time-series 

N: 102 

# of Hospitals: 1 

Statistical Analyses: Poisson 
regression 

Covariates: Temperature, vapor 
pressure, barometric pressure, 
relative humidity, wind velocity, 

wind direction at maximal 
velocity 

Statistical Package: NR 

NO2 24-h avg 

9.2 ± 4.6 ppb in fog 

11.5 ± 5.7 in fog free 
days 

Max NO2 24-h avg 
<30 ppb 

NO2; r = NR 

SO2; r = NR 

SPM (TSP); 

r = 0.70 

O3; r = NR 

Increment: 15 ppb  

Nonatopic 

OR 0.62 [0.45, 0.84] 

Atopic 

OR 0.81 [0.67, 0.97] 

*Default GAM 
+Did not report correction for over-dispersion 
NR: Not Reported 
APHEA: Air Pollution and Health: a European Approach 

Table AX6.3-5. Respiratory Health Effects of Oxides of Nitrogen: General Practitioner/Clinic 
Visits 
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NORTH AMERICA 
Sinclair and 
Tolsma (2004) 

Atlanta, GA 

Period of Study: 
8/1998-8/2000 

Outcome(s) (ICD9): Asthma 
(493), URI (460-466, 477), LRI 
(466.1, 480-486) 

Age groups analyzed: <18, >18 

Study Design: Time-series 

N: 232,350 

Statistical Analyses: Poisson 
regression with GLM 

Covariates: Season, day of wk, 
federal holiday, study month, 
long-term trend 

Statistical Package: SAS v 8.02 

Lag: 0-2, 3-5, 6-8 

1-h max: 51.22 
(18.54) ppb 

Monitors: 1 ARIES 
monitor in 
downtown Atlanta 

PM2.5,  

PM10-2.5 

PM10 

PM2.5 components 

PMuf 

Polar VOCs 

O3 

SO2 

No NO2 results presented because they were not 
statistically significant for any lag periods 
examined. 
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Hernández-
Garduño et al. 
(1997) 

Mexico City, 
Mexico 

Period of Study: 
May 15, 1992 - 
January 31, 
1993 

Outcome(s): Respiratory illness  

ICD9: NR 

Age groups analyzed: <15, 15+,  
all ages (0-92) 

Study Design: Time-series 

N: 24,113 

Number of Clinics: 5 

Statistical Analyses: Cross-
correlation, linear regression 
and autoregressive error model 
analyses 

Covariates: Long-term trend, 
day of wk, temperature, 
humidity 

Statistical Package: SAS 

Lag: 0-6 

Number of Stations: 
5 

SO2 

O3 

CO 

NOX 

Increment: Max NO2 concentration of all days-
Mean NO2 concentration of all days 

<14 yrs:  

NO2 lag 0: RR 1.29 ± 0.09 (p < 0.01) 

NO2 lag 6: RR 1.18 ± 0.09 (p > 0.05) 

15+ yrs:  

NO2 lag 0: RR 1.14 ± 0.07 (p < 0.05) 

NO2 lag 6: RR 1.10 ± 0.06 (p > 0.05) 

All ages:  

NO2 lag 0: RR 1.43 ± 0.15 (p < 0.01) 

NO2 lag 6: RR 1.29 ± 0.15 (p > 0.05) 

Villeneuve et al. 
(2006) 

Toronto, ON, 
Canada 

Period of Study:  

1995-2000 

Days: 2,190 

Outcome(s) (ICD9): Allergic 
Rhinitis (177) 

Age groups analyzed: ≥65 

Study Design: Time-series 

N: 52,691 

Statistical Analyses: GLM, using 
natural splines (more stringent 
criteria than default) 

Covariates: Day of wk, holiday, 
temperature, relative humidity,  
aero-allergens 

Season: All yr; Warm, May-Oct;  
Cool, Nov-Apr 

Statistical Package: S-Plus 

Lag: 0-6 

24-h avg: 25.4 ppb, 
SD = 7.7 

IQR: 10.3 ppb,  
Range 9.2, 71.7 

Number of stations: 
9 

SO2 

O3 

CO 

PM2.5 

PM10-2.5 

PM10 

Increment: 10.3 ppb (IQR) 

All results estimated from Stick Graph: 

All Yr: 

Mean Increase: 1.9% [-0.2, 3.8] lag 0 

Warm:  

Mean Increase: 0.1% [-3.2, 3.8] lag 0 

Cool:  

Mean Increase: 1.4% [0.0, 5.9] lag 0 
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EUROPE 
Hajat et al. 
(1999) 

London, United 
Kingdom 

Period of Study: 
1992-1994 

Outcome (ICD9): Asthma (493); 
Lower respiratory disease (464, 
466, 476, 480-3, 490-2, 485-7, 
4994-6, 500, 503-5, 510-5) 

Age groups analyzed: 0-14; 15-
64; 65+; all ages 

Study Design: Time-series 
analysis 

Statistical Analysis: Poisson 
regression, APHEA protocol 

Covariates: Long-term trends, 
seasonality, day of wk, 
temperature, humidity 

Seasons: Warm, Apr-Sep; Cool, 
Oct-Mar; All yr 

Dose-response investigated?: 
Yes 

Statistical package: SAS 

Lag: 0-3 days, cumulative 

All yr 24-h avg: 
33.6 ppb,  

SD = 10.5 

Warm: 32.8 (19.8) 

Cool: 34.5 (10.1) 

10th-90th all yr 
percentile: 24 ppb 

SO2; r = 0.61 

BS; r = 0.70 

CO; r = 0.72 

PM10; r = 0.73 

O3; r = -0.10 

Increment: 24 ppb (90th-10th percentile) 

Asthma  

All ages 2.1% [-0.7, 4.9] lag 0; 3.1%  
[-0.4, 6.7] lag 0-1  

0-14 yrs 6.1% [1.2, 11.3] lag 1; 6.9%  
[1.7, 12.4] lag 0-1 

Warm: 13.2% [5.6, 21.3] lag 1 

Cool: -0.1% [-6.3, 6.5] lag 1  

15-64 yrs 3.0% [-0.7, 6.7] lag 0; 3.1%  
[-1.6, 7.9] lag 0-3 

Warm: 3.3% [-2.0, 8.9] lag 0 

Cool: 2.6% [-2.3, 7.7] lag 0 

65+ yrs 9.9% [1.6, 18.7] lag 2; 5.3%  
[-3, 14.3] lag 0-3 

Warm: 18.6% [6.3, 32.4] lag 2 

Cool: -0.5% [-9.6, 11.8] lag 2 

Lower Respiratory disease 

All ages 1.3% [-0.4, 3.0] lag 1; 1.2%  
[-0.7, 3.1] lag 0-2 

0-14 yrs 4.8% [1.3, 8.3] lag 2; 4.5%  
[0.4, 8.7] lag 0-3 

Warm: 1.4% [-3.8, 6.9] lag 2 

Cool: 7.2% [2.8, 11.6] lag 2 

15-64 yrs 1.1% [-1.1, 3.4] lag 2; 0.8% [-1.8, 3.5] 
lag 0-2  

Warm: 2.3% [-1.2, 5.9] lag 2 

Cool: 0.2% [-2.6, 3.1] lag 2 

65+ -1.7% [-4.3, 1.1] lag 0 

Warm: -1.7% [-5.9, 2.6] lag 0 

Cool: -1.6% [-4.8, 1.8] lag 0 

Two-pollutant model-Asthma 

NO2 alone: 5.2% [0.8, 9.8]  

NO2/O3: 6.7% [2.2, 11.4] 

NO2/SO2: 3.9% [-1.2, 9.2] 

NO2/PM10: 5.3% [-0.6, 11.6] 

Hajat et al. 
(1999) 

(cont’d) 

   Two-pollutant model - Lower Respiratory disease 

NO2 alone 4.2% [1.1, 7.3] 

NO2/O3 4.9% [1.8, 8.2] 

NO2/SO2 2.5% [-1.1, 6.2] 

NO2/PM10 3.5% [0.1, 6.9] 
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Hajat* et al. 
(2001) 

London, United 
Kingdom 

Period of Study:  

1992-1994 

Outcome (ICD9): Allergic 
Rhinitis (477) 

Age groups analyzed: 0-14; 15-
64; 65+; all ages 

Study Design: Time-series 
analysis 

N: 4,214 

Statistical Analysis: Poisson 
regression, GAM 

Covariates: Long-term trends, 
seasonality, day of wk, 
temperature, humidity, variation 
in practice population, counts 
for lagged allergic pollen 
measures, daily number of 
consultations for influenza 

Dose-response investigated? 
Yes 

Statistical package: S-Plus 

Lag: 0-6 days, cumulative 

NO2 24-h avg: 
33.6 ppb,  
SD = 10.5 

# of Stations: 3, 

r = 0.7-0.96 

SO2; r = 0.61 

BS; r = 0.70 

CO; r = 0.72 

PM10; r = 0.73 

O3; r = -0.10 

Increment: 24 ppb (90th-10th percentile) 

Single-pollutant model 

<1 to 14 yrs 

11.0% [3.8, 18.8] lag 4 

12.6% [4.6, 21.3] lag 0-4 

15 to 64 yrs 

5.5% [2.0, 9.1] lag 6 

11.1% [6.8, 15.6] lag 0-6 

>64 yrs - too small for analysis 

Two-pollutant models 

<1 to 14 yrs 

NO2 & O3: 7.9% [0.6, 15.8] 

NO2 & SO2: -3.8% [11.8, 5.0] 

NO2 & PM10: 10.8% [0.1, 22.7] 

15 to 64 yrs 

NO2 & O3: 4.8% [1.0, 8.8] 

NO2 & SO2: 1.0% [-3.7, 5.8] 

NO2 & PM10: 0.5% [-4.9, 6.3] 

Hajat* et al. 
(2002) 

London, United 
Kingdom 

Period of Study:  

1992-1994 

Outcome (ICD9): Upper 
Respiratory Disease, excluding 
Rhinitis (460-3, 465, 470-5, 
478) 

Age groups analyzed: 0-14; 15-
64; 65+; all ages 

Study Design: Time-series 
analysis 

Statistical Analysis: Poisson 
regression, GAM 

Covariates: Long-term trends, 
seasonality, day of wk, holidays, 
temperature, humidity, variation 
in practice population, counts 
for lagged allergic pollen 
measures, daily number of 
consultations for influenza 

Seasons: Warm: Apr-Sep;  
Cool: Oct-Mar 

Dose-response investigated?: 
Yes 

Statistical package: S-Plus 

Lag: 0,1,2,3 days 

NO2 24-h avg: 
33.6 ppb,  

SD = 10.5 

Warm: (Apr-Sep) 

Mean: 32.8 ppb,  

SD = 10.1 

Cool: (Oct-Mar) 

Mean: 34.5 ppb,  

SD = 10.1 

# of Stations: 3 

SO2; r = 0.61 

BS; r = 0.70 

CO; r = 0.72 

PM10; r = 0.73 

O3; r = -0.10 

Increment (90th-10th percentile): All yr: 24 ppb;  
Warm season: 25.8 ppb;  
Cool season: 22.1 ppb 

Single-pollutant model 

All yr 

0-14 yr 2.0% [-0.3, 4.3] lag 3 

15-64 yrs 5.1% [2.0, 8.3] lag 2 

>65 yrs 8.7% [3.8, 13.8] lag 2 

Warm 

0-14 yrs 2.5% [-0.9, 6.1] lag 3  

15-64 yrs 6.7% [3.7, 9.8] lag 2 

≥65 yrs 6.6% [-1.1, 14.9] lag 2  

Cool 

0-14 yrs 1.7% [-1.1, 4.6] lag 3  

15-64 yrs 1.2% [-1.3, 3.9] lag 2 

>65 yrs 9.4% [2.8, 16.4] lag 2 

Two-pollutant models 

0-14 yrs 

NO2 & O3: 1.7% [-0.6, 3.9] 

NO2 & SO2: 2.2% [-0.4, 5.0]  

NO2 & PM10: 1.5% [-1.7, 4.8]  

For 15-64 yrs 

NO2 & O3: 4.4% [2.2, 6.8] 

NO2 & SO2: 4.4% [1.6, 7.2]  

NO2 & PM10: 2.7% [-0.5, 5.9]  

For >65 yrs 

NO2 & O3: 8.1% [3.0, 13.6] 

NO2 & SO2: 8.6% [2.1, 15.4]  

NO2 & PM10: 4.3% [-2.8, 11.8]  
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Chardon et al. 
(2007) 

Greater Paris, 
France 

Period of Study:  

2000-2003 

Outcome (ICD9): Asthma, URD, 
LRD 

Age groups analyzed: 0-14; 15-
64; 65+; all ages 

Study Design: Time-series 
analysis 

Statistical Analysis: Poisson 
regression, GAM 

Covariates: Long-term trends, 
seasonality, day of wk, holidays, 
temperature, humidity, counts 
for lagged allergic pollen 
measures, daily number of 
consultations for influenza 

Seasons: Warm: Apr-Sep;  
Cool: Oct-Mar 

Dose-response investigated?: 
Yes 

Statistical package: R software 

Lag: 0, 1, 2, 3, 0-1, 0-2, 0-3 
days 

24-h avg: 44.4 
(14.92) µg/m3 

Median: 43.6 

IQR: 33.7-53.2 

Range: 12.3-132.8 

Number of 
monitors: 12-15 

PM10; r = 0.68 

PM2.5; r = 0.68 

Increment: 10 µg/m3 

URD: 0.7% [-0.9, 2.3] lag 0-3 

LRD: 1.1% [-0.7, 2.9], lag 0-3 

Asthma: -0.3% [-3.3, 2.7], lag 0-3 

* Default GAM 
+ Did not report correction for over-dispersion 
APHEA: Air Pollution and Health: a European Approach 
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Burnett et al. 
(1997a)  

Metropolitan Toronto 
(Toronto, North 
York, East York, 
Etobicoke, 
Scarborough, York), 
Canada 

Study period:  

1992-1994, 388 
days, summers only 

 

Outcome(s) (ICD9): IHD 

410-414; Cardiac Dysrhythmias 
427; Heart failure 428. All 
Cardiac 410-414, 427, 428. 
Obtained from hospital discharge 
data. 

Population: 2.6 Million residents 

Study design: Time-series 

Age groups analyzed: all 

# Hospitals: NR 

Statistical analysis: Relative risk 
regression models, GEEs. 

Covariates: Adjusted for long-
term trends, seasonal and 
subseasonal variation, day of the 
wk, temperature, dew point 

Seasons: Summer only 

Dose response: Figures 
presented  

Statistical package: NR 

Lag: 1-4 days 

NO2 daily 1-h max 
(ppb): 

Mean: 38.5 

CV: 29 

Min: 12 

25th percentile: 31 

50th percentile: 38 

75th percentile: 45 

Max: 81 

# of Stations: 6-11 

(Results are reported 
for additional metrics 
including 24-h avg and 
daytime avg (day)) 

H+ (0.25) 

SO4 (0.34) 

TP (0.61) 

FP (0.45) 

CP (0.61) 

COH (0.61) 

O3 (0.07) 

SO2 (0.46) 

CO (0.25) 

Results reported for RR for an IQR 
increment increase in NO2. T ratio in 
parentheses. 

All Cardiac Disease 

Single-pollutant model  

1.049 (3.13), daily avg over 4 days, lag 0 

Multipollutant model  

1.30 (1.68), w/ NO2, O3, SO2,  

Objective of study was to evaluate the 
role of particle size and chemistry on 
cardio and respiratory diseases. NO2 
attenuated the effect of particulate in this 
study.  
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Burnett et al. (1999) 
* 

Metropolitan Toronto 
(Toronto, North 
York, East York, 
Etobicoke, 
Scarborough, York), 
Canada 

Study Period:  

1980-1995, 15 yr 

Outcome(s) (ICD9): IHD  

410-414; Cardiac Dysrhythmias 
427; Heart failure 428; All 
Cardiac 410-414, 427, 428; 
Cerebrovascular Disease  

Obtained from hospital discharge 
data 430-438; Peripheral 
Circulation Disease 440-459. 

Population: 2.13-2.42 million 
residents 

Study Design: Time-series 

Statistical Analysis: GAMs with 
LOESS smoothers to remove 
temporal and weather related 
trends, stepwise regression used 
to select minimum number of air 
pollutants in multipollutant 
models. 

Covariates: Long-term trends, 
seasonal variation, day of wk, 
temperature, and humidity. 

Statistical Package: SPLUS, SAS 

Lag(s): 0-2 day 

NO2 daily avg (ppb) 

Mean: 25.2 

5th percentile: 13 

25th percentile: 19 

50th percentile: 24 

75th percentile: 30 

95th percentile: 42 

Max: 82 

Multiple day avgs used 
in models 

PM2.5 (0.50) 

PM10-2.5 (0.38) 

PM10 (0.52) 

CO (0.55) 

SO2 (0.55) 

O3 (-0.04) 

Results reported for % increase in 
hospital admissions for an increment 
increase in NO2 equal to the mean 
value. 

Single-Pollutant Models: 

Dysrhythmias: 5.33 (1.73) 3-day avg, lag 
0 

Heart Failure: 9.48 (6.33), 1 day, lag 0 

IHD: 9.73 (8.4) 2-day avg, lag 0 

Cerebrovascular disease: 1.98 (1.34), 1 
day, lag 0 

Peripheral circulation: 3.57 (1.78), 1-day, 

lag 0 

Multipollutant Models: 

Heart failure 

6.89 (w/ CO) 

6.68 (w/ CO, PM2.5) 

6.33 (w/ CO, PM2.5, PM10-2.5) 

6.45 (w/ CO, PM2.5, PM10-2.5, PM10) 

IHD 

8.34 (w/ CO, SO2) 

7.76 (w/ CO, SO2, PM2.5) 

8.41 (w/ CO, SO2, PM2.5, PM10-2.5) 

8.52 (w/ CO, SO2, PM2.5, PM10-2.5, 
PM10) 

In multipollutant models, gaseous 
pollutants were selected by stepwise 
regression. PM variables were then 
added to the model.  

Morris et al. (1995) 

US (Chicago, 
Detroit, LA, 
Milwaukee, NYC, 
Philadelphia) 

Study Period:  

1986-1989, 4 yr 

Outcome(s) (ICD9): CHF 428.  

Daily Medicare hospital 
admission records. 

Study Design: Time-series 

Statistical Analyses: GLM, 
negative binomial distribution 

Age groups analyzed: ≥65 yrs  

Covariates: Temperature, 
indicator variables for mo to 
adjust for weather effects and 
seasonal trends, day of wk, yr 

Statistical Software: S-PLUS 

Lag(s): 0-7 day 

NO2 1 h-max (ppm) 

Mean: (SD) 

LA: 0.077 (0.028) 

Chicago: 0.045 (0.013) 

Philadelphia: 0.054 
(0.017) 

New York: 0.064 
(0.022) 

Detroit: 0.041 (0.015) 

Houston: 0.041 (0.017) 

Milwaukee: 0.040 
(0.014) 

SO2 1-h max 

O3 1-h max 

CO 1-h max 

Correlations of NO2 
with other pollutants 
strong. 

Multipollutant models 
run. 

Results reported for RR of admission for 
CHF associated with an incremental 
increase in NO2 of 10 ppb. 

CHF:  

LA: 1.15 (1.10, 1.19) 

Chicago: 1.17 (1.07, 1.27) 

Philadelphia: 1.03 (0.95, 1.12) 

New York: 1.07 (1.02, 1.13) 

Detroit: 1.04 (0.92, 1.18) 

Houston: 0.99 (0.88, 1.10) 

Milwaukee: 1.05 (0.89, 1.23) 

RR diminished in multipollutant models  

(4 copollutants) for all cities with the 
exception of New York. 
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Dales et al (2006) 

Canada (11 largest 
cities) 

Study period: 
January 1, 1986- 
December 31, 2000. 

Outcomes (ICD-9): Asphyxia 
(799.0), respiratory failure 
(799.1), dyspnea and respiratory 
abnormalities (786.0), respiratory 
distress syndrome (769), 
unspecificed birth asphyxia in 
live-born infant (768.9), other 
respiratory problems after birth 
(770.8) and pneumonia (486) 

Data from: Canaidian Institutue 
for Health Information:  

9542 records for patients aged 
birth to 27 days 

Study Design: Time series 

Statistical analysis: Random-
effects regression model 

Statitsitical Software: S-PLUS 

NO2 24-hour mean 
levels (ppb): 

Calgary: 25.6 

Edmonton: 24.6 

Halifax: 15.1 

Hamilton: 20.8 

London: 20.0 

Ottawa: 21.2 

Saint John: 9.2 

Toronto: 25.1 

Vancouver: 19.0 

Windsor: 24.9 

Winnipeg: 15.2 

Population weighted 
avg: 21.8 

Range of Pearson 
pairwise correlations 

PM10: -0.26 to 0.69 

O3: -0.55 to 0.05 

SO2: 0.20 to 0.67 

CO: 0.13 to 0.76 

Pooled estimate of % increase in 
neonatal resipartory hospital admissions 
(95% CI): 

Interquartile range: 10.0 

Single-pollutant model: 2.94 (1.93 to 
3.95) 

Multi pollutant model: 2.85 (1.68 to 4.02) 

Multipollutant model restricted to days 
with PM10 measures: 2.48 (1.18 to 3.80) 

Wellenius et al. 
(2005b) 

Birmingham, 
Chicago, Cleveland, 
Detroit, Minneapolis, 
New Haven, 
Pittsburgh, Seattle 

Study Period:  

Jan 1986-Nov 1999 
(varies slightly 
depending on city) 

Outcome(s) IS, primary diagnosis 
of acute but ill-defined 
cerebrovascular disease or 
occlusion of the cerebral arteries; 
HS, primary diagnosis of 
intracerebral hemorrhage. ICD 
codes not provided. Hospital 
admissions ascertained from the 
Centers for Medicare and 
Medicaid Services. Cases 
determined from discharge data 
were admitted from the ER to the 
hospital. 

N IS: 155,503 

N HS: 19,314 

Study Design: Time-stratified 
case-crossover. Control days 
chosen such that they fell in 
same mo and same day of wk. 
Design controls for seasonality, 
time trends, chronic and other 
slowly varying potential 
confounders. 

Statistical Analysis: 2-stage 
hierarchical model (random 
effects), conditional logistic 
regression for city effects in the 
first stage. 

Software package: SAS 

Covariates:  

Lag(s): 0-2, unconstrained 
distributed lags  

NO2 24-h (ppb) 

10th: 13.71 

25th: 18.05 

Median: 23.54 

75th: 29.98 

90th: 36.54 

NO2 data not available 
for Birmingham, Salt 
Lake, and Seattle. 

PM10 (0.53) 

CO, SO2 

Correlation only 
provided for PM 
because study 
hypothesis involves 
PM 

Results reported for percent increase in 
stroke admissions for an incremental 
increase in NO2 equivalent to one IQR 
(11.93). 

Ischemic Stroke: 2.94 (1.78, 4.12), lag 0 

Hemorrhagic Stroke: 0.38 (-2.66, 3.51), 
lag 0 

Multipollutant models not run. 
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Fung et al. (2005) 

Windsor, Ontario, 
Canada 

Study Period:  

Apr 1995-Jan 2000 

Outcome(s) (ICD9): CHF 428;  
IHD 410-414; dysrhythmias 427. 
Hospital admissions from Ontario 
Health Insurance Plan records. 

Study Design: Time-series 

Statistical Analysis: GLM 

N: 11,632 cardiac admission, 
4.4/day for 65+ age group 

Age groups analyzed: 65+, <65 
yr 

Statistical Software: SPLUS 

Lag(s): lag 0, 2, 3 day avg 

NO2 1-h max (ppb): 

Mean (SD): 38.9 (12.3) 

Min: 0 

Max: 117 

SO2 (0.22) 

CO (0.38) 

O3 (0.26) 

COH (0.39) 

PM10 (0.33) 

Results expressed as percent change 
associated with an incremental increase 
in NO2 equivalent to the IQR (16 ppb) 

Cardiac: 

<65 age group: 

0.7 (-5.5, 6.6) 

2.1 (-3.7, 8.2) 

3.7 (-2.9, 10.7) 

65+ age group: 

0.8 (-2.2, 3.9), lag 0 

0.9 (-2.7, 4.6), 2-day avg (lag 0-1) 

0.8 (-3.3, 5.0), 3-day avg (lag 0-2) 

Effect for NO2 not observed in these 
data. Association of SO2 with cardiac 
admissions observed. 

Linn et al. (2000)  

Metropolitan Los 
Angeles, USA 

Study Period:  

1992-1995  

Outcome(s): All Patient Refined 
Diagnosis Related Groups 
(based on medicare diagnosis 
related groups). CVD APR-DRG 
103-144; Cerebrovascular APR-
DRG 14-17 and 22; CHF APR-
DRG 127; MI APR-DRG 111, 
115, 121; cardiac ARR APR-DRG 
138; Occlusive Stroke APR-DRG 
14. Hospital admission records 
used to ascertain cases. 

Study Design: Time-series 

Statistical Analyses: Poisson 
regression, cubic spline smooth 
on time, indicator variables to 
adjust for temperature and rain. 

Covariates: Day of wk, holidays, 
long-term trend, seasonal 
variation, temperature, humidity 

Lag(s): 0-1 

Seasons: Winter, Spring, 
Summer, Autumn 

Statistical Software: SPSS, SAS 

NO2 24-h (ppm) 

Winter 

Mean: (SD) 3.4 (1.3) 

Range: 1.1, 9.1 

Spring 

Mean (SD): 2.8 (0.9) 

Range: 1.1, 6.1 

Summer 

Mean (SD): 3.4 (1.0) 

Range: 0.7, 6.7 

Autumn 

Mean (SD): 4.1 (1.4) 

Range: 1.6, 8.4 

CO (0.84, 0.92) 

O3 (-0.23, 0.11) 

PM10 (-0.67, 0.8) 

Range in correlations 
depends on the 
season, independent 
effects of pollutants 
could not be 
distinguished. 

# Stations: 6+ 

Results reported as increase % increase 
in admission for a 10 ppb increase in 
NO2. SD in parentheses.  

CVD, lag 0 

All Seasons: 1.4 (0.2) 

Winter: 1.6 (0.4) 

Spring: 0.1 (0.6) 

Summer: 1.1 (0.5) 

Autumn: 1.4 (0.3) 

Cerebrovascular, lag 0 

All Seasons: 0.4 (0.4) 

Winter: -1.3 (0.7) 

Spring: 4.2 (1.2) 

Summer: 0.9 (1.2) 

Autumn: 0.7 (0.6) 

MI, lag 0 (yr round) 

1.1 (0.5) 

CHF, lag 0 (yr round) 

1.0 (0.5), winter 1.9 (0.9) 

Cardiac Arrhythmia, lag 0  
(yr round) 

0.6 (0.5) 

Occlusive stroke, lag 0  
(yr round) 

2.0 (0.5), winter 2.7 (1.0), autumn 0.1 
(0.05)  

Significant effects observed in fall for 
occlusive stroke and winter for CHF. 
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Lippmann et al. 
(2000*; reanalysis 
Ito, 2003, 2004) 

Windsor Ontario  

(near Detroit MI) 

Study period:  

1992-1994 (hospital 
admissions – 
mortality study 
spanned longer 
period) 

 

Outcome(s): IHD 410-414; 
dysrhythmias 427; heart failure 
428; stroke 431-437. 

Study Design: Time-series 

Statistical Analysis: Poisson 
regression GAM. Results of 
reanalysis by Ito 2003, 2004 with 
GLM are presented. 

Lag(s): 0-3 day 

NO2 24-h avg (ppb) 

5th %: 11 

25th %: 16 

50th %: 21 

75th %: 26 

95th %: 36 

Mean: 21.3 

PM10 (0.49) 

PM2.5 (0.48) 

PM10-2.5 (0.32) 

H+ (0.14) 

SO4 (0.35) 

O3 (0.14) 

SO2 (0.53) 

CO (0.68) 

Results reported for RR for incremental 
increase in NO2 of 5th to 95th percentile 
(28 ppb). 

IHD 

(0.94, 1.10), lag 0 

0.98 (0.90, 1.06), lag 1 

Dysrhythmias 

0.98 (0.86, 1.12), lag 0 

1.03 (0.90, 1.06), lag 1 

Heart Failure 

1.00 (0.91, 1.09), lag 0 

1.07 (0.98, 1.17), lag 1 

Stroke 

0.99 (0.90, 1.09), lag 0 

0.98 (0.89, 1.08), lag 1 

Mann et al. (2002) 

South coast air 
basin of CA, United 
States 

Study Period:  

1988-1995, 8 yr 

Outcome(s) IHD 410-414; or IHD 
with accompanying diagnosis of 
CHF 428; or Arrhythmia 426, 
427; Ascertained through health 
insurance records.  

Study Design: Time-series 

N: 54,863 IHD admissions 

Age groups analyzed: #40; 40-
59; ≥60. Statistical Analysis: 
Poisson regression, GAM with 
cubic splines, results pooled 
across air basins using inverse 
variance weighting as no 
evidence of heterogeneity was 
observed 

Covariates: Study day, 
temperature, relative humidity, 
day of wk 

Lag(s): 0-2, 2-4 day moving avg 

Software: SPLUS 

Seasons: Some analyses 
restricted to Apr-Oct 

NO2 24-h avg (ppb): 

Exposure assigned for 
each air basin based on 
health insurance 
participant’s zip code.  

Mean (SD): 37.2 (15.7) 

Range: 3.69, 138 

Median: 34.8 

# Stations: 25-35 

O3 8 h-max  

(-0.16, 0.54) 

CO 8-h max (0.64, 
0.86) 

PM10 24-h avg (0.36, 
0.60) 

Range depends on air 
basin. 

No multipollutant 
models run. Traffic 
pollution generally 
implicated in findings. 

Results reported for percent increase in 
admissions for a 10-ppb incremental 
increase in NO2. 

All IHD: 1.68 (1.08, 2.28), lag 0 

MI: 1.04 (1.05, 3.02), lag 0 

Other acute IHD: 1.75 (0.72, 2.78), lag 0 

IHD w/ secondary diagnosis of 
Arrhythmia: 

1.81 (0.78, 2.85), lag 0 

IHD w/ secondary diagnosis of CHF: 

2.32 (0.69, 3.98), lag 0 

IHD w/ no secondary diagnosis: 

0.46 (-0.81, 1.74), lag 0 

Effect of secondary diagnosis strongest 
in the 40-59 age group.  

Group with secondary CHF may be 
sensitive subpopulation or their 
vulnerability may be due to greater 
prevalence of MI as the primary 
diagnosis. 
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Metzger et al. 
(2004) 

Atlanta, GA 

Period of Study: Jan 
1993-Aug 31 2000, 
4 yr 

Outcome(s): IHD 410-414; AMI 
410; Dysrhythmias 427; cardiac 
arrest 427.5; congestive heart 
failure 428; peripheral and 
cerebrovascular disease 433-
437, 440, 443-444, 451-453; 
atherosclerosis 440; stroke 436. 
ED visits from billing records. 

N: 4,407,535 visits, 37 CVD 
visits/day 

# Hospitals: 31 

Age groups analyzed: Adults 
≥19, elderly 56+ 

Statistical Analysis: Poisson 
regression, GLM. Sensitivity 
analyses using GEE and GAM 
(strict convergence criteria) 

Covariates: long-term trends, 
mean and dew point temp, 
relative humidity (cubic splines) 

Statistical Software: SAS  

Season: Warm: Apr 15-Oct 14; 
Cool: Oct 15-Apr 14 

Lag(s): 0-3 day 

NO2 1-h max (ppb): 
Median: 26.3 

10th-90th percentile  

Range: 25, 68 

PM10 24 h (0.49) 

O3 8-h max (0.42) 

SO2 (0.34) 

CO 1 h (0.68) 

1998-2000 Only 

PM2.5 (0.46) 

Course PM (.46) 

Ultrafine PM (.26) 

Water-soluble metals 
(.32) 

Sulfates (.17) 

OC (0.63) 

EC (.37) 

OHC (0.3) 

Multipollutant models 
used. All models 
specified a priori. 

Results presented for RR of an 
incremental increase in 1-h max NO2 
equivalent to 20 ppb (1 SD). 

All CVD: 1.025 (1.012, 1.039) 

Dysrhythmia: 1.019 (0.994, 1.044) 

CHF: 1.010 (0.981, 1.040) 

IHD: 1.029 (1.005, 1.053) 

PERI: 1.041 (1.013, 1.069) 

Finger wounds: 1.010 (0.993, 1.027) 

Lag is 3-day moving avg for results 
above.  

NO2 effect was generally attenuated in 
two-pollutant models. The attenuation 
was strongest in the period after 1998.  

Moolgavkar 
(2000a,b,c)* 

Cook County, IL,  

Los Angeles County, 
CA,  

Maricopa County, 
AZ 

1987-1995 

Outcome(s) (ICD9): CVD  

390-429; Cerebrovascular 
disease  
430-448. Hospital admissions 
from CA department of health 
database. 

Age groups analyzed: 20-64, 65+ 
yrs 

Study Design: Time-series 

N: 118 CVD admissions/day 

# Hospitals: NR 

Statistical Analysis: Poisson 
regression, GAM 

Covariates: Adjustment for day of 
wk, long-term temporal trends, 
relative humidity, temperature 

Statistical Package: SPLUS 

Lag: 0-5 days 

NO2 24-h avg (ppb)  

Cook County: 

Min: 7 

Q1: 20 

Median: 25 

Q3: 30 

Max: 58 

NO2 24-h avg (ppb) LA 
County: 

Min: 10 

Q1: 30 

Median: 38 

Q3: 48 

Max: 102 

NO2 24-h avg (ppb) 
Maricopa County: 

Min: 2 

Q1: 14 

Median: 19 

Q3: 26 

Max: 56 

PM10 (0.22-0.70) 

PM2.5 (0.73) (LA only) 

CO (0.63-0.80) 

SO2 (0.02- 0.74) 

O3 (-0.23-0.02) 

Two-pollutant models 
(see results) 

Results reported for percent change in 
hospital admissions per 10-ppb increase 
in 24-h avg NO2. T statistic in 
parentheses. 

CVD, 65+:  

Cook County 

2.9 (10.2), lag 0 

2.3 (6.7), lag 0, two-pollutant model 
(PM10) 

2.9 (8.1), lag 0, two-pollutant model (CO)

2.8 (8.8), lag 0, two-pollutant model 
(SO2) 

LA County 

2.3 (16.7), lag 0 

-0.1 (-0.5), lag 0, two-pollutant model 
(CO) 

1.7 (8.0), lag 0, two-pollutant model 
(SO2) 

Maricopa County 

2.9 (4.1), lag 0 

-0.3 (-0.3), lag 0, two-pollutant model 
(CO) 

2.6 (3.6), lag 0, two-pollutant model 
(SO2) 

Cerebrovascular Disease, 65+: 

Cook County 

1.6 (3.6) 

LA County 

1.1 (5.7) 

Effect size generally diminished with 
increasing lag time. Increase in hospital 
admissions (1.3 for CVD and 1.9 for 
cerebrovascular) also observed for the 
20-64 age group. 
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Moolgavkar (2003)* 

Cook County, IL,  

Los Angeles County, 
CA,  

Maricopa County, 
AZ 

1987-1995 

Outcome(s) (ICD9): CVD  

390-429; Cerebrovascular 
disease  
430-448 was not considered in 
the reanalysis. Hospital 
admissions from CA department 
of health database. 

Age groups analyzed: 20-64, 65+ 
yrs 

Study Design: Time-series 

N: 118 CVD admissions/day 

# Hospitals: NR 

Statistical Analysis: Poisson 
regression, GAM with strict 
convergence criteria (10-8), GLM 
using natural splines  

Covariates: Adjustment for day of 
wk, long-term temporal trends, 
relative humidity, temperature 

Statistical Package: SPLUS 

Lag: 0-5 days 

NO2 24-h avg (ppb) 
Cook County: 

Min: 7 

Q1: 20 

Median: 25 

Q3: 30 

Max: 58 

NO2 24-h avg (ppb) 
LA County: 

Min: 10 

Q1: 30 

Median: 38 

Q3: 48 

Max: 102 

NO2 24-h avg (ppb) 
Maricopa County: 

Min: 2 

Q1: 14 

Median: 19 

Q3: 26 

Max: 56 

PM10 (0.22-0.70) 

PM2.5 (0.73) (LA only) 

CO (0.63-0.80) 

SO2 (0.02-0.74) 

O3 (-0.23-0.02) 

Two-pollutant models 
(see results) 

Results for CVD not shown but use of 
stringent criteria in GAM did not alter 
results substantially. However, increased 
smoothing of temporal trends attenuated 
results for all gases.  

Peel et al. (2007) 

Atlanta, GA 

Study Period:  

Jan 1993-Aug 2000 

Outcome(s) (ICD9): IHD 410-
414; dysrhythmia 427; CHF 428; 
peripheral vascular and 
cerebrovascular disease 433-
437, 440, 443, 444, 451-453. 
Computerized billing records for 
ED visits. 

Comorbid conditions: 
Hypertension 401-405; diabetes 
250; dysrhythmia 427, CHF 428; 
atherosclerosis 440; COPD 491, 
492, 496; pneumonia 480-486; 
upper respiratory infection 460-
465, 466.0; asthma 493, 786.09.  

# Hospitals: 31 

N: 4,407,535 visits 

Study Design: Case-crossover. 
CVD outcomes among 
susceptible groups with 
Comorbid conditions. 

Statistical Analyses: Conditional 
logistic regression. 

Covariates: Cubic splines for 
temperature and humidity 
included in models. Time 
independent variables controlled 
through design. 

Statistical Software: SAS 

Lag(s): 3-day avg, lagged 0-2 
day  

NO2 1-h max (ppb):  

Mean (SD): 45.9 (17.3) 

10th: 25.0 

90th: 68.0 

PM10 24-h avg 

O3 8-h max 

SO2 1-h max 

CO 1-h max  

Correlations not 
reported 

Results expressed as OR for association 
of CVD admissions with a 20-ppb 
incremental increase in NO2. 

Comorbid Hypertension: 

IHD: 1.036 (0.997, 1.076) 

Dysrhythmia: 1.095 (1.030, 1.165) 

PERI: 1.031 (0.987, 1.076) 

CHF: 1.037 (0.985, 1.090) 

Comorbid Diabetes: 

IHD: 1.003 (0.95, 1.059) 

Dysrhythmia: 1.158 (1.046, 1.282) 

PERI: 1.012 (0.947, 1.082) 

CHF: 1.017 (0.959, 1.078) 
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Schwartz, (1997) * 

Tucson, AZ 

Study Period:  

Jan 1988-Dec 1990 

Outcome(s) (ICD9): CVD 390-
429. Ascertained from hospital 
discharge records. 

Study Design: Time-series 

Statistical Analysis: Poisson 
regression, GAM 

Age groups analyzed: 65+ 

Covariates: Long-term and 
seasonal trends, day of the wk, 
temperature, dew point  

Statistical Software: SPLUS 

NO2 24-h avg (ppb): 

Mean: 19.3 

10th: 9.9  

25th: 13.2 

50th: 19 

75th: 24.6 

90th: 29.8 

PM10 (0.326) 

O3 (-0.456) 

SO2 (0.482) 

CO (0.673) 

Results reported as a percent increase in 
admission for an increment in NO2 
equivalent to the IQR (11.4 ppb). 

CVD 0.69% (-2.3, 3.8) 

Tucson selected to minimize correlations 
between pollutants. Since there was no 
association between NO2 and 
admissions, author suggests results for 
CO not confounded by NO2. 

Stieb et al. (2000) * 

Saint John, New 
Brunswick Canada 

Study Period:  

July 1992-Mar 1996 

Outcome(s): Angina pectoris; MI; 
dysrhythmia/conduction 
disturbance; CHF; All Cardiac. 
ED Visits collected prospectively. 

Study Design: Time-series 

Statistical Analyses: Poisson 
regression, GAM, LOESS 
smooth for temporal and weather 
related variables 

N: 19,821 ER visits 

# Hospitals: 2 

Lag(s): 1-8 days 

NO2 24-h avg (ppb) 

Mean (SD): 8.9 (5.5) 

95th: 19 

Max: 35 

NO2 max (ppb) 

Mean (SD): 20.2 

95th: 39 

Max: 82 

CO (0.68) 

H2S (-0.07) 

O3 (-0.02) 

SO2 (0.41) 

PM10 (0.35) 

PM2.5 (0.35) 

H+ (-0.25) 

SO4 (0.33) 

COH (0.49) 

Results reported for percent change in 
admissions based on a single-pollutant 
model for incremental increase in NO2 
equivalent to 1 IQR (8.9 ppb) 

Cardiac visits: 

-3.9, p-value = 0.136, lag 2, all yr 

10.1, p-value = 0.051, lag 5, May-Sept 

For specific CVD diagnoses, ARR and 
CHF approached significance. NO2 was 
not a focus of this paper.  

Tolbert et al. (2007) 

Atlanta, GA 

Study Period:  

1993-2004 

 

Outcome(s) (ICD9): All CVD 
including IHD 410-414; cardiac 
dysrhythmias 427; CHF 428; 
peripheral vascular and 
cerebrovascular disease 433-
437, 440 443-445, 451-453. 
Emergency visits primary and 
secondary diagnostic codes. 

Study Design: Time-series 

Statistical Analysis: GLM, cubic 
splines with monthly knots, 
indicators for season, day of wk, 
holiday, excluded days with 
missing exposure data 

Statistical Software: SAS 

Lag(s): 3 day moving avg (0-2 d) 

NO2 1-h max (ppb): 

Mean: 43.2 

Min: 1.0 

10th: 22 

25th: 31 

Median: 41 

75th: 54 

90th: 66 

Max: 181 

PM10 (0.53) 

O3 (0.44) 

CO (0.70) 

SO2 (0.36) 

Course PM (0.70) 

PM2.5 (0.47) 

PM2.5 SO4 (0.14) 

PM2.5 EC (0.64) 

PM2.5 OC (0.62) 

PM2.5 TC (0.65) 

PM2.5 water sol 
metals (0.32) 

OHC (0.24) 

Results reported for RR based on 
incremental increase of NO2 equivalent 
to 1 IQR (23 ppb): 

Single-pollutant model results: 

CVD 1.015 (1.004, 1.025), lag 0-2 

NO2 effect diminished in multipollutant 
models containing CO and PM2.5TC 
(shown in figure). 
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Villeneuve et al. 
(2006) 

Edmonton, Canada 

Study Period:  

Apr 1992-Mar 2002 

Outcome(s) (ICD9): Acute 
ischemic stroke 434, 436; 
hemorrhagic stroke 430, 432; 
transient ischemic attack (TIA) 
435; Other 433, 437, 438. ED 
visits supplied by Capital Health. 

N: 12,422 Stroke Visits 

Catchment area: 1.5 million 
people 

Study Design: Case-crossover, 
exposure index time compared to 
referent time. Time-independent 
variables controlled in the 
design. Index and referent day 
matched by day of wk.  

Statistical Analysis: Conditional 
logistic regression, stratified by 
season and gender.  

Covariates: Temperature and 
humidity 

Statistical Software: SAS 

Season: Warm: Apr-Sep;  
Cool: Oct-Mar 

Lag(s): 0, 1, 3-day avg 

NO2 24 h ppb: 

All yr 

Mean (SD): 24 (9.8) 

Median: 22.0 

25th: 16.5 

75th: 30.0 

IQR: 13.5 

Summer 

Mean (SD): 18.6 (6.4) 

Median: 17.5 

25th: 14.0 

75th: 22.0 

IQR: 8 

Winter 

Mean (SD): 29.4 (9.6) 

Median: 28.5 

25th: 22.5 

75th: 35.5 

IQR: 13.0 

O3 24-h max (-0.33) 

O3 24-h avg (-0.51) 

SO2 25-h avg (0.42) 

CO 24-h avg (0.74) 

PM10 24-h avg (0.34) 

PM2.5 24-h avg (0.41) 

All yr correlations 
summarized. 

Results reported for an incremental 
increase in NO2 equivalent to one IQR 
NO2. 

Ischemic Stroke, Summer 

1.17 (1.05, 1.31), lag 0 

1.18 (1.05, 1.31), lag 1 

1.26 (1.09, 1.46), 3-day avg 

Hemorrhagic stroke, Summer 

1.16 (0.99, 1.37) 

1.14 (0.97, 1.35) 

1.18 (0.95, 1.46) 

TIA not associated with increase in NO2. 
Above results are strongest effects, 
which were observed during summer. 

Authors attribute NO2 effect to vehicular 
traffic since NO2 and CO are highly 
correlated. 

Wellenius et al. 
(2005a) 

Allegheny County, 
PA (near Pittsburgh) 

Study Period:  

Jan 1987-Nov 1999 

 

Outcome(s): CHF 428. Cases 
are Medicare patients admitted 
from ER with discharge of CHF. 

Study Design: Case-crossover, 
control exposures same mo and 
day of wk, controlling for season 
by design. 

Statistical Analysis: Conditional 
logistic regression 

N: 55,019 admissions, including 
repeat admissions, 86% 
admitted #5 times 

Age groups analyzed: 65+ yrs 
(Medicare recipients) 

Covariates: Temperature and 
pressure. Effect modification by 
age, gender, secondary 
diagnosis arrhythmias, atrial 
fibrillation, COPD, hypertension, 
type 2 diabetes, AMI within 30 
days, angina pectoris, IHD, acute 
respiratory infection. 

Statistical Software: SAS 

Lag(s): 0-3 

NO2 24-h avg (ppb): 

Mean (SD): 26.48 
(8.02) 

5th: 15.10 

25th: 20.61 

Median: 25.70 

75th: 31.30 

95th: 4102 

# Stations: 2  

PM10 (0.64) 

CO (0.70) 

O3 (-0.04) 

SO2 (0.52) 

Results reported for the percent increase 
in admissions for an increment of NO2 
equivalent to one IQR (11 ppb). 

CHF, single-pollutant model 

4.22 (2.61, 5.85), lag 0 

CHF, two-pollutant model 

4.05 (1.83, 6.31), adjusted for PM10 

-0.37 (-2.59, 1.89), adjusted for CO 

3.73 (2.10, 5.39), adjusted for O3 

3.79 (1.93, 5.67), adjusted for SO2 

CHF admission was 3x higher among 
those with history of MI. 
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Zanobetti and 
Schwartz (2006) 

Boston, MA 

1995-1999 

Outcome(s) (ICD9): MI 410. 
Admissions through the 
emergency room from Medicare 
claims.  

Age group analyzed: 65+ yrs 

Study Design: Case-crossover, 
control days matched yr, mos 
and temperature 

Statistical Analysis: Conditional 
logistic regression 

N: 15,578 

Covariates: Temperature 
(regression spline), day of wk 

Seasons: Hot (Apr-Sept) and 
cold 

Software: SAS 

Lags: 0, 0-1 previous day avg 

NO2 24-h avg ppb 

5th: 12.59 

25th: 18.30 

Median: 23.20 

75th: 29.13 

95th:  

90th-10th: 20.41 

# Stations: 4 

O3 (-0.14) 

BC (0.70) 

CO (0.67) 

PM2.5 (0.55) 

PM non-traffic (0.14)  

(residuals from model 
of PM2.5 regressed on 
BC) 

Results reported for percent increase in 
admissions for incremental increase in 
NO2 equivalent to the 90th-10th 
percentiles (20.41 or 16.80 for 0-1, 
previous day avg). 

MI 

10.21 (3.82, 15.61), lag 0 

12.67 (5.82, 18.04), lag 0-1, previous day 
avg 

Results suggest traffic exposure is 
responsible for the observed effect. 
Effects more pronounced in the summer 
season. 

*Default GAM 
AMI Acute Myocardial Infarction 
ARR Arrhythmia  
BC Black Carbon 
COH coefficient of haze 
CP Course Particulate 
CVD Cardiovascular Disease 
EC Elemental Carbon 
FP Fine Particulate 
HS Hemorrhagic Stroke 
ICD9 International Classification of Disease, 9th Revision 
IHD Ischemic Heart Disease 
IS ischemic stroke 
MI Myocardial Infarction 
OC Organic Carbon 
OHC Oxygenated Hydrocarbons 
PERI Peripheral Vascular and Cerebrovascular Disease 
PM Particulate Matter 
PIH primary intracerebral hemorrhage 
PNC Particle Number Concentration 
SHS Subarachnoid hemorrhagic stroke 
TP Total Particulate 
UBRE Unbiased Risk Estimator 
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Barnett et al. 
(2006) 

Australia and New 
Zealand: 
Brisbane, 
Canberra, 
Melbourne, Perth, 
Sydney 

Period of Study:  

1998-2001 

Outcome(s) (ICD9): All CVD 
390-459; ARR 427; Cardiac 
disease 390-429; Cardiac 
failure 428; IHD 410-413; MI 
410; Stroke 430-438.  

Ages groups analyzed: 15-64 
yrs, ≥65yrs 

Study Design: Time stratified, 
case-crossover, multicity study  

# of Hospitals: All ER 
admissions from state 
government health 
departments 

Statistical Analyses: Random 
effects meta analysis, 
heterogeneity assessed using 
I2 statistic.  

Covariates: Matched analysis 
controlling for long-term trend, 
seasonal variation, and 
respiratory epidemics. 
Temperature (current-previous 
day) and relative humidity, 
pressure, extremes of hot and 
cold, days of wk, holidays, day 
after holiday, rainfall in some 
models. Matched on 
copollutants.  

Statistical Package: SAS 

Lag: 0-3 

NO2 (ppb), Mean 
(range) 

Auckland 

1-h max: 19.1 (4.2-
86.3) 

24-h avg: 10.2 (1.7-
28.9) 

Brisbane 

1-h max: 17.3 (4-44.1) 

24-h avg: 7.6 (1.4-
19.1) 

Canberra 

1-h max: 17.9 (0-53.7) 

24-h avg: 7.0 (0-22.5) 

Christchurch 

1-h max: 15.7 (1.2-
54.6) 

24-h avg: 7.1 (0.2-
24.5) 

Melbourne 

1-h max: 23.2 (4.4-48) 

24-h avg: 11.7 (2-29.5) 

Perth 

1-h max: 21.3 (4.4-48) 

24-h avg: 9.0 (2-23.3) 

Sydney 

1-h max: 22.6 (5.2-
51.4) 

24-h avg: 11.5 (2.5-
24.5) 

24 h avg IQR: 5.1  

# of Stations: 1-13 
depending on the city 

PM10 24 h 

CO 24 h  

SO2 24 h 

O3 8 h 

BS 24 h 

Matched analysis 
conducted to control 
for copollutants 

Results reported for % change in hospital 
admissions associated with one IQR 
increase in 24-h avg NO2, lag 0-1. 

Arrhythmia 

≥65: 0.4 (-1.8, 2.6) 

15-64: 5.1 (2.2, 8.1) 

Cardiac 

≥65: 3.4 (1.9, 4.9) 

15-64: 2.2 (0.9, 3.4) 

Cardiac failure 

≥65: 6.9 (2.2, 11.8)  

15-64: 4.6 (0.1, 6.1) 

IHD 

≥65: 2.5 (1.0, 4.1) 

15-64: 0.7 (-1.0, 2.4) 

MI 

≥65: 4.4 (1.0, 8.0) 

15-64: 1.7 (-1.1, 2.4) 

All CVD 

≥65: 3.0 (2.1, 3.9) 

15-64: 1.7 (0.6, 2.8) 

NO2 association became smaller when 
matched with CO. Authors hypothesize that 
NO2 is a good surrogate for PM, which may 
explain these associations. 
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Simpson et al. 
(2005a) 

Australia 
(Brisbane, 
Melbourne, Perth, 
Sydney). 

Study Period:  

Jan 1996-Dec 
1999 

Outcome(s) (ICD9): Cardiac 
disease 390-429; IHD 410-413; 
stroke 430-438. 

Study Design: Time-series. 

Statistical analysis: APHEA2 
protocol, GAM (did not indicate 
use of stringent convergence 
criteria), GLM with natural 
splines, penalized splines. 
Random effects meta-analysis 
with tests for homogeneity. 

Age groups analyzed: All, 15-
64, 65+ 

Covariates: long-term trend, 
temperature, humidity, day of 
wk, holidays, influenza 
epidemics 

Software package: SPLUS, R 

Lag(s): 1-3 days 

NO 1-h max (ppb): 

Mean (range): 

Brisbane: 21.4 (2.1, 
63.3) 

Sydney: 23.7 (6.5, 
59.4) 

Melbourne: 23.7 (4.4, 
66.7) 

Perth: 16.3 (1.9, 41.0)  

PM10 24 h 

PM2.5 

BS 24 h (0.29, 0.62) 

O3 1 h 

CO 8 h 

Not all correlations 
reported. NO2 affect 
attenuated slightly 
when modeled with BS 
but not with O3. 

May be confounding of 
NO2 effect by 
particulate.  

Single-city results reported for percent 
increase for an increment in 1-h max NO2 
equivalent to one IQR. Pooled results 
reported for an increment of 1 ppb NO2. 

Cardiac 

All ages: 1.0023 (1.0016, 1.0030), lag 0-1 

15-64: 1.0015 (1.0006, 1.0025), lag 0 

≥65: 1.0018 (1.0011, 1.0025), lag 0-1 

IHD 

All ages: 1.0019 (1.0010, 1.0027) 

≥65: 1.0017 (1.0007, 1.0027) 

No effect observed/reported for stroke. 

Multipollutant results (65+ age group): 

Cardiac: 

1.0032 (1.0006, 1.0022), w/ BS, lag 0-1 

1.0032 (1.0024, 1.0039), w/ O3, lag 0-1 

Heterogeneity in CVD results among cities, 
probably due to different pollutant mixtures, 
may have affected the results. 

Hinwood et al. 
(2006) 

Perth, Australia 

Study Period:  

1992-1998 

Outcome(s): All CVD 
unscheduled admissions. 
Obtained from discharge 
records using ICD9 Codes.  

Age groups analyzed: All ages, 
65+ 

Study design: Case-crossover, 
time-stratified with 3-4 controls 
within same mo 

Statistical Analysis: conditional 
logistic regression 

N: 26.5 daily CVD admissions 

Seasons: Nov-Apr, May-Oct 

NO2 24-h (ppb) 

Mean: 10.3 

SD = 5 

10th percentile: 4.4 

90th percentile: 17.1 

NO2 1-h max (ppb) 

Mean: 24.8 

SD = 10.1 

10th percentile: 13.3 

90th percentile: 37.5 

# of Stations: 3 

O3 1 h, 8 h (-.06) 

CO 8 h (.57) 

BSP 24 h (.39) 

Results reported for OR per incremental 
increase of 1 ppb NO2. 

All CVD (estimated from graph) 

NO2 24 h 65+: 1.005 (1.001, 1.006), lag 1 

NO2 24 h all ages: 1.003 (1.001, 1.007), lag 
1 
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alaludin et al. 
(2006) 

Sydney, Australia 

Period of Study:  

Jan 1997-Dec 
2001 

Outcome(s) (ICD9): All CVD 
390-459; cardiac disease 390-
429; IHD 410-413; and 
cerebrovascular disease or 
stroke 430-438; Emergency 
room attendances obtained 
from health department data. 

Age groups included: 65+ 

Study Design: Time-series, 
multicity APHEA2 Protocol.  

Statistical Analysis: GAM (with 
appropriate convergence 
criteria) and GLM Models. Only 
GLM presented. 

Lag: 0-3 

Covariates: Daily avg 
temperature and daily relative, 
humidity, long-term trends, 
seasonality, weather, day of 
wk, public school holidays, 
outliers and influenza 
epidemics.  

Dose response: Quartile 
analysis 

Season: Separate analyses for 
warm (Nov-Apr) and cool 
periods (May-Oct).  

NO2 daily 1-h avg 

Mean: 32.2 

SD = 7.4 

Min: 5.2 

Q1: 18.2 

Median: 23 

Q3: 27.5 

Max: 59.4 

# of Stations: 14 

BS 24-h avg (0.35) 

PM10 24-h avg (0.44) 

PM2.5 24-h avg (0.45) 

CO 8-h avg (0.55) 

O3 1-h avg (0.45) 

SO2 24-h avg (0.56) 

Two-pollutant models 
to adjust for 
copollutants 

Results reported for % change in hospital 
admissions associated with one IQR 
increase in 1-h avg NO2.  

All CVD 

2.32 (1.45, 3.19), lag 0 

0.45 (-0.52, 1.42), lag 1 

1.31 (0.28, 2.35), lag 0-1 

Cardiac Disease 

2.00 (0.81, 3.20), lag 0 

0.91 (-0.26, 2.09), lag 1 

1.78 (0.54, 3.04), lag 0-1 

IHD 

2.11 (0.34, 3.91), lag 0 

0.76 (-0.97, 2.52), lag 1 

1.73 (-0.10, 3.59), lag 0-1 

Stroke 

-1.66 (-3.80, 0.51) lag 0 

-1.11 (-3.19, 1.02), lag 1 

-1.68 (-3.90, 0.60), lag 0-1 

Effect of NO2 attenuated when CO was 
included in the model. NO2 effect most 
prominent during the cool season. 

Morgan et al. 
(1998a) 

Sydney, Australia 

Study Period:  

Jan 1990-Dec 
1994 

Outcome(s) (ICD9): Heart 
Disease 410, 413, 427, 428. 
Inpatient statistics database for 
New South Wales Health 
Department. 

Study Design: Time-series 

Statistical Analysis: Poisson 
regression, GEE 

# Hospitals: 27 

Covariates: Daily mean 
temperature, dew point 
temperature 

Lag(s): 0-2 days, cumulative 

Statistical Software: SAS 

NO2 24-h avg (ppb): 

Mean (SD): 15 (6) 

IQR: 11 ppb 

10th-90th: 17 

NO2 1-h max (ppb): 

Mean (SD): 29 (3) 

10-90th: 29 ppb 

NO2 24-h max: 52 

NO2 1-h max: 139 

# Stations: 3-14  
(1990-1994) 

O3 1-h max (-0.086) 

PM (0.533, 0.506) 

Correlations for  
24-h avg NO2 
concentrations 

Multipollutant models 

Results reported as percent increase in 
admissions associated with an incremental 
increase in 1-h max NO2 and 24-h avg 
equivalent to the 10th-90th percentile. 

Heart Disease:  

24-h avg, lag 0 

All ages: 7.52 (5.21, 9.88) 

65+: 8.39 (5.41, 11.46) 

0-64: 5.81 (1.63, 10.17) 

1-h max, lag 0 

All ages: 6.08 (3.63, 8.59) 

65+: 6.71 (4.25, 9.23) 

0-64: 4.79 (1.18, 8.53) 

65+: 6.68 (3.61, 9.84) Particulate, O3 

Results lost precision but did not change 
substantially when stratified by age or when 
24-h averaging time was used. 
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Petroeschevsky 
et al. (2001) 

Brisbane, 
Australia  

Study Period:  

Jan 1987-Dec 
1994,  

2,922 days 

Outcome(s) (ICD9): CVD 390-
459. Hospital admissions, non-
residents excluded. 

Study Design: Time-series 

Statistical Analyses: Poisson 
regression, APHEA protocol, 
linear regression and GEEs 

Age groups analyzed: 15-64, 
65+ 

Covariates: Temperature, 
humidity, rainfall. Long-term 
trends, season, flu, day of wk, 
holidays. 

Statistical Software: SAS 

Lag(s): lag 0-4, 3-day avg, 5 
day avg 

NO2 1-h max (pphm) 

Summer 

Mean: 206 

Min: 0.35 

Max: 5.8 

Fall 

Mean: 2.56 

Min: 0.70 

Max: 5.85 

Winter 

Mean: 3.54 

Min: 0.35 

Max: 8.05 

Spring 

Mean: 3.12 

Min: 0.55 

Max: 15.58 

Overall 

Mean: 2.82 

Min: 0.35 

Max: 15.58 

BSP 

O3 

SO2 

Correlation between 
pollutants not reported. 

Results reported for RR for CVD emergency 
admissions associated with a one-unit 
increase in NO2 1-h max. 

CVD 15-64 yrs 

0.986 (0.968, 1.005), lag 3 

CVD 65+ yrs 

0.990 (0.977, 1.003) 

CVD all ages 

0.987 (0.976, 0.998) 

*Default GAM 
AMI Acute Myocardial Infarction 
ARR Arrhythmia 
BC Black Carbon 
COH coefficient of haze 
CP Course Particulate 
CVD Cardiovascular Disease 
EC Elemental Carbon 
FP Fine Particulate 
HS Hemorrhagic Stroke 
ICD9 International Classification of Disease, 9th Revision 
IHD Ischemic Heart Disease 
IS ischemic stroke 
MI Myocardial Infarction 
OC Organic Carbon 
OHC Oxygenated Hydrocarbons 
PERI Peripheral Vascular and Cerebrovascular Disease 
PM Particulate Matter 
PIH primary intracerebral hemorrhage 
PNC Particle Number Concentration 
SHS Subarachnoid hemorrhagic stroke 
TP Total Particulate 
UBRE Unbiased Risk Estimator 
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Ballester et al. 
(2006) 

Multicity, Spain: 
Barcelona, Bilbao, 
Castellon, Gijon, 
Huelva, Madrid, 
Granada, Oviedo, 
Seville, Valencia, 
Zaragoza 

Period of Study: 
1995/1996-1999,  

N = 1,096 day 

Outcome(s) (ICD9): All CVD 390-
459; Heart diseases 410-
414,427,428. Emergency admission 
from hospital records. Discharge 
data used. 

Study Design: Time-series, meta-
analysis to pool cities 

N: daily mean admissions reported 
by city 

Statistical Analyses: Poisson 
regression and GAM, with stringent 
convergence criteria, meta-analysis 
with fixed effect model. Tested 
linearity by modeling pollutant in 
linear and non-linear way (spline 
smoothing). Linear model provided 
best results 55% of time but used in 
all cases to facilitate comparability. 

Covariates: temperature, humidity 
and influenza, day of wk unusual 
events, seasonal variation and trend 
of the series 

Seasons: Hot: May to Oct;  
Cold: Nov to Apr 

Statistical Package: SPLUS 

Lag: 0-3 

NO2 24-h avg 
(µg/m2): 

Mean: 51.5 

10th percentile: 
29.5 

90th percentile: 
74.4  

# of Stations: 
Depends on the 
city 

Correlation 
among stations: 
NR 

CO 8-h max (0.58) 

O3 8-h max (-0.03) 

SO2 24 h (0.46) 

BS 24 h (0.48) 

TSP 24 h (0.48) 

PM10 24 h (0.40) 

Two-pollutant models 
used to adjust for 
copollutants. 

Results reported for % change in hospital 
admissions associated with 10 µg/m2 
increase in NO2.  

All CVD 

0.38% (0.07%, 0.69%), lag 0-1 

Heart Diseases:  

0.86% (0.44%, 1.28%) 

Effect of NO2 was diminished in two-
pollutant models. 
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Lanki et al. (2006) 

Europe (Augsburg, 
Helsinki, Rome, 
Stockholm) 

Study period:  

1992-2000 

Outcome(s) (ICD9): AMI 410. 
Ascertained from discharge records 
or AMI registry data depending on 
the city. 

Study Design: Time-series 

Statistical Analysis: Poisson 
regression, for non-linear 
confounders – penalized splines in 
GAM chosen to minimize UBRE 
score. Random-effects model for 
pooled estimates. 

N: 26,854 hospitalizations 

Statistical Software: R package 

Covariates: Barometric pressure, 
temperature, humidity.  

Lag(s): 0-3 day 

NO2 (µg/m3) 

Augsburg 

25th: 40.2 

50th: 49.2 

75th: 58.9 

98th: 88.7 

Barcelona 

25th: 34.8 

50th: 45.0 

75th: 60.0 

98th: 86.0 

Helsinki 

25th: 21.8 

50th: 28.7 

75th: 37.6 

98th: 64.7 

Rome 

25th: 61.9 

50th: 70.6 

75th: 80.4 

98th: 102.5 

Stockholm 

25th: 16.3 

50th: 22.2 

75th: 28.6 

98th: 45.9 

PM10 (0.29, 0.64) 

CO (0.43, 0.75) 

O3 (0.17, 0.38) 

Range in correlations 
depends on the city. 

Two-pollutant models 
for PNC with O3 and 
PM10 only. 

Results reported as RR associated with an 
incremental increase in NO2 equivalent to 
the IQR (8 µg/m2). 

Pooled results for 5 Cities: 

First MI: 

0.996 (0.988, 1.015), lag 0 

0.998 (0.986, 1.010), lag 1 

1.003 (0.994, 1.011), lag 2 

1.001 (0.989, 1.014), lag 3 

No significant results observed for analyses 
stratified by age or season for lag 0/1. 
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Von Klot et al. 
(2005) 

Europe (Augsburg, 
Barcelona, 
Helsinki, Rome, 
Stockholm) 

Study Period:  

1992-2000 

Outcome(s) (ICD9): Re-admission for 
AMI 410; angina pectoris 411 and 
413; Cardiac diseases including AMI 
angina pectoris, dysrhythmia (427), 
heart failure (428). Hospital 
admissions database used to identify 
cases. 

Population: Incident cases of MI 
during 1992-2000 among those ≥35 
yrs old. 

N Augsburg: 1560 

N Barcelona: 1134 

N Helsinki: 4026 

N Rome: 7384 

N Stockholm: 7902 

Study Design: Prospective Cohort 

Statistical Analyses: Poisson 
regression, at risk period from the 
29th day after the index event until 
the event of interest, death, 
migration, or loss to follow-up. GLM 
models, penalized spline functions 
for continuous confounders. City 
results pooled using random-effects 
model. Heterogeneity assessed. 
Sensitivity analyses conducted 
varying the smooth functions, 
convergence criteria, and how 
confounders were specified. 

Statistical Software: R package 

Covariates: Daily mean temperature, 
dew point temperature, barometric 
pressure, relative humidity, vacations 
or holidays. 

Lag: 0-3 days 

NO2 24-h avg 
(µg/m2): 

Augsburg 

Mean: 49.6 

5th: 30  

25th: 39.7 

75th: 57.2  

95th: 75.3 

Barcelona 

Mean: 47.7 

5th: 18 

25th: 34.0 

75th: 60  

95th: 83 

Helsinki 

Mean: 30.1 

5th: 13 

25th: 21.2 

75th: 36.7  

95th: 52.9 

Rome 

Mean: 15.8 

5th: 5.4 

25th: 10.1 

75th: 21.7  

95th: 25.9 

Stockholm 

Mean: 22.8 

5th: 10.3 

25th: 16 

75th: 28  

95th: 39.4 

# Stations: 1-5 

CO 24 h  
(0.44, 0.75) 

O3 8 h  
(-0.2, -0.13) 

PM10 (.29, .66) 

PNC (.44, .83) 

Two-pollutant models 
but NO2, CO, and PNC 
not modeled together 
because they were too 
highly correlated.  

Results reported for RR for incremental 
increases in same day NO2 equivalent to 
the mean of the city specific IQR’s multiplied 
by 0.05 (8 µg/m3). Pooled results are below: 

MI 

1.028 (0.997, 1.060), lag 0 

Angina Pectoris 

1.032 (1.006, 1.058), lag 0 

Cardiac Diseases 

1.032 (1.014, 1.051), lag 0 

Two-pollutant models show that the effect of 
NO2 independent of PM10 and O3. Traffic 
exhaust may be associated with cardiac 
re-admission. 
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Andersen et al. 
(2007a) 

Copenhagen, 
Denmark 

Study Period:  

1999-2004 

Outcome(s) (ICD10): angina pectoris 
I20; acute and subsequent MI I21-
22; other acute IHD I24; chronic IHD 
I25; pulmonary embolism I26; 
cardiac arrest I46; cardiac 
arrhythmias I48-49; hear failure I50. 
Hospital admissions from Danish 
Hospital Register. 

# Hospitals: 9 (within 15 km of 
monitoring station) 

Study Population: 65 + 

Catchment area: 1.5 million 

Study Design: Time-series 

Statistical Analysis: Principal 
components analysis for source 
apportionment. Poisson GAM, 
smoothing splines for weather, long-
term trends/seasonality, indicator 
variables for influenza, holidays 

Software: mgcv package, R 

Lag(s): 0-5 d, 0-3 d avg 

24-h avg NO2 
(ppb) 

Mean (SD): 12 
(5) 

25th: 8 

75th: 15 

IQR: 7 

PM10 (0.45) 

CO (0.74) 

Source Specific PM10 

Biomass (0.41) 

Secondary (0.43) 

Oil (0.42) 

Crustal (0.24) 

Sea Salt (-0.19) 

Vehicle (0.65) 

Results reported for RR associated with an 
incremental increase in NO2 equivalent to 
one IQR (7 ppb). 

Single-pollutant 

1.013 (0.993, 1.033), lag 0-3 avg 

2-pollutant, NO2 with PM10 

1.000 (0.975, 1.026) 

Andersen et al. 
(2007b) 

Copenhagen, 
Denmark 

Study Period:  

2001-2004 

Outcome(s) (ICD10): Angina pectoris 
I20; acute and subsequent MI I21-
22; other acute IHD I24; chronic IHD 
I25; pulmonary embolism I26; 
cardiac arrest I46; cardiac 
arrhythmias I48-49; heart failure I50. 
Hospital admissions from Danish 
Hospital Register. 

# Hospitals: 9 (within 15 km of 
monitoring station) 

Study Population: 65 + 

Catchment area: 1.5 million 

Study Design: Time-series 

Statistical Analysis: Poisson GAM, 
smoothing splines for weather, long-
term trends/seasonality, indicator 
variables for influenza, holidays 

Software: mgcv package, R 

Lag(s): 0-5 d, 0-3 d avg 

24-h avg NO2 
(ppb) 

Mean (SD): 11 
(5) 

25th: 8 

50th: 11 

75th: 14 

99th: 28 

IQR: 6 

24-h avg NOX 
(ppb) 

Mean (SD): 15 
(8) 

25th: 9 

50th: 12 

75th: 18 

99th: 46 

IQR: 9 

24-h avg NOX 
curbside (ppb)  

Mean (SD): 83 
(36) 

25th: 58 

50th: 76 

75th: 103 

99th: 207 

IQR: 45 

NCtot w/ NO2 (0.68) 

NCtot w/ NOX (0.66) 

NCa57 w/ NO2 (0.57) 

Results reported for associations of a 6-ppb 
increase equivalent to one IQR of NO2 with 
all CVD. 

One-pollutant model: 

1.0 (0.98, 1.03), lag 0-3 

Two-pollutant model with NCtot 

1.0 (0.96, 1.03) 
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Atkinson et al. 
(1999b) 

London, England 

Period of Study:  

1992-1994, 

N = 1,096 day 

 

Outcome(s) (ICD9): All CVD 390-
459; IHD 410-414. Emergency 
admissions obtained from the 
Hospital Episode Statistics (HES) 
database. 

Ages groups analyzed: 0-14 yr, 15-
64 yr, 0-64 yr, 65+ yr, 65 74 yr, 75+ 
yr 

Study Design: Time-series, hospital 
admission counts 

N: 189, 109 CVD admissions 

Catchment area: 7 million residing in 
1600 Km2 area of Thames basin. 

Statistical Analyses: APHEA protocol, 
Poisson regression  

Covariates: Adjusted long-term 
seasonal patterns, day of wk, 
influenza, temperature, humidity 
(compared alternative methods for 
modeling meteorological including 
linear, quadratic, piece-wise, spline) 

Seasons: Warm season Apr-Sep, 
cool season remaining mos, 
interactions between season 
investigated 

Dose response investigated: Yes, 
bubble charts presented 

Statistical Package: SAS 

Lag: 0-3 

1-h max (ppb)  

Mean: 50.3 

SD = 17.0 

Min: 22.0 

Max: 224.3 

10th-90th 
percentile: 36 

# of Stations: 3, 
results averaged 
across stations 

Correlation 
among stations: 
0.7-0.96 

PM10 24 h 

CO 24 h  

SO2 24 h 

O3 8 h 

BS 24 h 

Correlations of NO2 
with CO, SO2, O3, BS 
ranged from 0.6-0.7 

Correlation of NO2 with 
O3 negative 

Two-pollutant models 
used adjust for 
copollutants 

Results reported for % change in hospital 
admissions associated with 10th-90th 
percentile increase in NO2 (36 ppb) 

All CVD 

Ages 0-64: 1.20% (-0.62%, 3.05%), lag 0 

Ages 65+: 1.68% (0.32%, 3.06%), lag 0 

IHD 

Ages 0-64: 1.53% (-1.22%, 4.37%), lag 0 

Ages 65+: 3.03% (0.87%, 5.24), lag 0 

NO2 was associated with increased CVD 
admissions for all ages but this association 
was stronger among those 65+ yrs old. 
Similar increase associated with IHD among 
those 65+ yrs old. 

Monitors close to roadways were not used in 
the study. Correlations for NO2 between 
urban monitoring sites were high. Authors 
suggest that the pollution levels are uniform 
across the study area. Authors did not 
investigate the interaction between 
meteorological variables and air pollution. In 
two-pollutant models, O3 had little impact on 
NO2. BS moderated the association of NO2 
with CVD among the 65+ age group. 
Suggestion that NO2 associations were non-
linear. 

Ballester et al. 
(2001)  

Valencia, Spain 

Period of Study:  

1992-1996 

Outcome(s) (ICD9): All CVD 390-
459; heart diseases 390-459; 
cerebrovascular diseases 430-438. 
Admissions from city registry – 
discharge codes used. 

Study Design: Time-series 

N: 1080 CVD admissions 

# of Hospitals: 2 

Catchment area: 376,681 inhabitants 
of Urban Valencia 

Statistical Analyses: Poisson 
regression, GAM with parametric 
smoothers, APHEA/ Spanish 
EMECAM protocol. Both Linear and 
non parametric model, including a 
loess term was fitted, departure from 
linearity assess by comparing 
deviance of both models. 

Covariates: Long-term trend and 
seasonality, temperature and 
humidity, wk days, flu, special 
events, air pollution.  

Seasons: Hot season May to Oct; 
Cold season Nov to Apr 

Statistical Package: SAS 

Lag: 0-4 

1-h max (µg/m2) 

Mean: 116.1 

SD = NR 

Min: 21.1 

Max: 469.0 

Median: 113.2  

# of Stations: 14 
manual, 
5 automatic 

Correlation 
among stations: 
0.3-0.62 for BS, 
0.46-0.78 for 
gaseous 
pollutants 

CO 24 h (0.03) 

SO2 24 h (0.33) 

O3 8 h (-0.26) 

BS (0.33) 

Two-pollutant models 
used to adjust for 
copollutants. 

Results reported for RR corresponding to a 
10 µg/m2 increase in NO2  

All CVD 

1.0302 (1.0042, 1.0568), lag 0 

Heart Disease 

1.0085 (0.9984, 1.0188), lag 2 

Cerebrovascular Disease 

1.0362 (1.0066, 1.0667), lag 4 

Clear association of NO2 with 
cerebrovascular disease observed. 
Association persisted after Inclusion of BS 
and SO2 in two-pollutant models with NO2. 

Cases of digestive disorders served as a 
control group - null association with NO2 
observed. 
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D’Ippoliti et al. 
(2003) 

Rome, Italy 

Study Period: Jan 
1995- Jun 1997 

Outcome(s) (ICD): AMI 410 (first 
episode). Computerized hospital 
admission data. 

Study Design: Case-crossover, time-
stratified, control days within same 
mo falling on the same day.  

Statistical Analyses: Conditional 
logistic regression, examined 
homogeneity across co-morbidity 
categories 

N: 6531 cases 

Age groups analyzed: 18-64 yrs,  
65-74 yrs, ≥75 

Season: Cool: Oct-Mar;  
Warm: Apr-Sep 

Lag(s): 0-4 day, 0-2 day cum avg  

Dose Response: OR for increasing 
quartiles presented and p-value for 
trend. 

NO2 24 h 
(µg/m3) 

Mean (SD): 86.4 
(15.8) 

25th: 74.9 

50th: 86.0 

75th: 96.9 

IQR: 22 

# Stations: 5 

TSP 24 h (0.37) 

SO2 24 h (0.31) 

CO 24 h (0.03) 

No multipollutant 
models 

Results presented for OR associated with 
incremental increase in NO2 equivalent to 
one IQR. 

AMI 

1.026 (1.002, 1.052), lag 0 

1.026 (0.997, 1.057), lag 0-2 

Association observed for NO2 but TSP 
association more consistent. Authors think 
that TSP, CO, and NO2 cannot be 
distinguished from traffic-related pollution in 
general. 

Llorca et al. (2005) 

Torrelavega, Spain 

Study period: 

1992-1995 

Outcome(s) (ICD): CVD (called 
cardiac in paper) 390-459. 
Emergency admissions, excluding 
non residents. Obtained admissions 
records from hospital admin office.  

Study design: Time-series 

Statistical analyses: Poisson 
regression, APHEA protocol 

Covariates: rainfall, temperature, 
wind speed direction 

N: 18,137 admissions 

Statistical software: STATA 

Lag(s): not reported 

NO2 24 h µg/m3 

Mean (SD): 21.3 
(16.5) 

TSP (-0.12) 

SO2 (0.588) 

SH2 (0.545) 

NO (0.855) 

Multipollutant models 

Results reported for RR of hospital 
admissions for 100 µg/m3 increase in NO2. 

CVD admissions: 

1.27 (1.14, 1.42), 1-pollutant model 

1.10 (0.92, 1.32), 5-pollutant model 

Effect of NO2 diminished in multipollutant 
model. 

Pantazopoulou 
et al. (1995) 

Athens, Greece 

Study Period: 
1988 (Winter and 
Summer) 

Outcome(s): Cardiac Disease ICD 
codes not provided. Cases 
ascertained from National Center for 
Emergency Service database. Cases 
diagnosed at time of admission so 
they are ED visits and were not 
necessarily admitted to the hospital. 

Study design: Time-series 

Statistical Analyses: Linear 
regression (not well described) 

Covariates: Dummy variables for 
winter mos with Jan as referent. 
Dummy variables for summer mos 
with Apr as referent. Day of the wk, 
holidays, temperature, relative 
humidity,  

N: 25,027 cardiac admissions. 

Lag(s): NR 

NO2 1-h max 
(µg/m3): Winter 

Mean (SD): 94 
(25) 

5th: 59 

50th: 93 

95th: 135 

Summer 

Mean (SD): 111 
(32) 

5th: 65 

50th: 108 

95th: 173 

# Stations: 2 

CO, BS 

No correlations 
provided 

Results reported for regression coefficients 
based on an incremental increase in NO2 of 
76 µg/m3 in winter and 108 µg/m3 in summer 
(5th to 95th percentile). 

Winter (regression coefficient) 

11.2 (3.3, 19.2) 

Summer (regression coefficient) 

-0.06 (-6.6, 6.5) 
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Poloniecki et al. 
(1997) 

London, UK 

Study Period:  

Apr 1987-Mar 
1994, 7 yrs 

Outcome(s): All CVD 390-459; MI 
410; Angina pectoris 413; other IHD 
414; ARR 427; congestive heart 
failure 428; cerebrovascular disease 
430-438. Hospital Episode Statistics 
(HES) data on emergency hospital 
admissions. 

Study Design: Time-series 

N: 373, 556 CVD admissions 

Statistical Analyses: Poisson 
regression, linear and quadratic 
terms to adjust for long-term trends. 
APHEA protocol 

Covariates: long-term trends, 
seasonal variation, day of wk, 
influenza, temperature and humidity. 

Season: Warm: Apr-Sep;  
Cool: Oct-Mar 

Lag: 0-1 day 

NO2 24 h ppb:  

Min: 8 

10%: 23 

Median: 35 

90%: 53 

Max: 198 

Black Smoke 

CO 24 h 

SO2 24 h 

O3 8 h 

Correlations between 
pollutants high but not 
specified. 

Results expressed as a relative rate (RR) for 
an incremental increase of NO2 equivalent to 
30 ppb (10th-90th percentile). 

AMI: 1.0274 (1.0084, 1.0479) 

Angina Pectoris: 1.0212 (0.9950, 1.0457) 

Other IHD: 0.99 (0.0067, 1.0289) 

Cardiac ARR: 1.0274 (1.0006, 1.0984) 

Heart Failure: 0.9970 (0.9769, 1.0194) 

Cerebrovascular Disease: 0.9851  
(0.9684, 1.0045) 

Other Circulatory: 1.0182 (1.0000, 1.0398) 

All CVD: 1.0243 (1.0054, 1.0448) 

No attenuation of NO2 association with MI in 
two-pollutant model (cool season). 

Pönkä and 
Virtanen (1996) 

Helsinki, Finland 

Study Period:  

1987-1989, 3 yrs 

Outcome(s) (ICD9): IHD 410-414; MI 
410; TIA 411; Cerebrovascular 
diseases 430-438; Cerebral 
ischemia due to occlusion of 
extracerebral vessels 433; Cerebral 
ischemia due to occlusion of cerebral 
vessels 434; Transient ischemic 
cerebral attack 435. Case 
ascertainment was for both 
emergency admission and hospital 
admissions – done via registry 
system.  

Study Design: Time-series 

Statistical Analyses: Poisson 
regression, pollutant concentrations 
log transformed 

N: 12,664 all IHD admissions; 7005 
IHD ED admissions; 7232 
cerebrovascular hospital admissions; 
3737 cerebrovascular ED 
admissions. 

Covariates: Weather, day of wk, 
long-term trends, influenza 

Lag(s): 1-7 days 

 

NO2 8 h (µg/m3) 

Mean (SD): 39 
(16.2) 

Range: 4, 170 

NO 8 h µg/m3 

Mean (SD): 91 
(61) 

Range: 7, 467 

# Stations: 2 

SO2 8 h 

NO 8 h 

TSP 8 h 

O3 8 h 

NO2 highly correlated 
with SO2 and TSP. 

Results reported are regression coefficients 
and standard errors (SE). 

NO2 with ED admissions for transient short 
term ischemic attack 

-0.056 (0.105), p = 0.59, lag 1 

NO2 with ED admissions for cerebrovascular 
disease 

-0.025 (0.057), p = 0.657, lag 1 

NO with IHD, all admissions 

0.097 (0.023), p < 0.001, lag 1 

NO with IHD, ED admissions 

0.111 (0.030), p < 0.001, lag 1 

Significant increase in admissions for 
transient short-term ischemic attack and 
cerebrovascular diseases for lag 6 
associated with NO2 exposure.  

Prescott et al. 
(1998) * 

Edinburgh, UK 

Study period:  

Oct 1992-June 
1995 

Outcome(s) (ICD9): Cardiac and 
cerebral ischemia 410-414, 426-429, 
434-440. Extracted from Scottish 
record linkage system. 

Study Design: Time-series 

Statistical Analysis: Poisson, log 
linear regression models 

Age groups analyzed: <65, 65+yrs 

Covariates: Seasonal and wkday 
variation, temperature, and wind 
speed. 

Lag(s): 0, 1, 3 day moving avg 

NO2 24 h (ppb) 

Mean (SD): 26.4 
(7.0) 

Range: 9, 58 

IQR: 10 ppb 

O3, 24 h 

PM, 24 h 

SO2, 24 h 

CO, 24 h 

Correlations not 
reported. 

Results reported for percent change in 
admissions based on an incremental 
increase in NO2 equivalent to the IQR of 
10 ppb. 

<65 yrs, CVD admissions 

-0.05 (-5.2, 4.5), 3 day moving avg 

65+ yrs, CVD admissions 

-0.9 (-8.2, 7.0), 3 day moving avg 

Data for lag 1 not presented. 
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Yallop et al. (2007) 

London, England 

Study Period:  

Jan. 1988-Oct. 
2001, >1400 days 

Outcome(s): Acute pain in Sickle Cell 
Disease (HbSS, HbSC, HbS/≥0, 
thalassaemia, HbS/≥+). Admitted to 
hospital for at least one night. 

Study Design: Time-series 

Statistical Analyses: Cross-
correlation function 

N: 1047 admissions  

Covariates: No adjustment made in 
analysis, discussion includes 
statement that the effects of weather 
variables and copollutants are inter-
related. 

Statistical Package: SPSS 

Lag(s): 0-2 days 

Dose response: Quartile analysis, 
graphs presented, ANOVA 
comparing means across quartiles. 

NR 

 

O3, CO, NO, NO2, 
PM10:  

daily avg used for all 
copollutants 

High O3 levels 
correlate with low NO, 
low CO, increased 
wind speeds and low 
humidity and each 
was associated with 
admission for pain. 
Not possible to 
distinguish 
associations in 
analysis. 

Results reported are cross-correlation 
coefficients. NO inversely correlated with 
admission for acute pain in SCD. 

CFF: -0.063, lag 0  

 

*Default GAM 
AMI Acute Myocardial Infarction 
ARR Arrhythmia  
BC Black Carbon 
COH coefficient of haze 
CP Course Particulate 
CVD Cardiovascular Disease 
EC Elemental Carbon 
FP Fine Particulate 
HS Hemorrhagic Stroke 
ICD9 International Classification of Disease, 9th Revision 
IHD Ischemic Heart Disease 
IS ischemic stroke 
MI Myocardial Infarction 
OC Organic Carbon 
OHC Oxygenated Hydrocarbons 
PERI Peripheral Vascular and Cerebrovascular Disease 
PM Particulate Matter 
PIH primary intracerebral hemorrhage 
PNC Particle Number Concentration 
SHS Subarachnoid hemorrhagic stroke 
TP Total Particulate 
UBRE Unbiased Risk Estimator 
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Chan et al. (2006) 

Taipai, Taiwan 

Period of Study:  

Apr 1997-Dec 2002, 2090 
days 

Outcome(s) (ICD9): 
Cerebrovascular disease 430-437; 
stroke 430-434; hemorrhagic 
stroke 430-432; ischemic stroke 
433-434. Emergency admission 
data collected from National 
Taiwan University Hospital. 

Ages groups analyzed: Age >50 
included in study 

Study Design: Time-series 

N: 7341 Cerebrovascular 
admissions among those >50 yrs 
old 

# of Hospitals:  

Catchment area:  

Statistical Analyses: Poisson 
regression, GAMs used to adjust 
for non-linear relation between 
confounders and ER admissions. 

Covariates: Time-trend variables: 
yr, mo, and day of wk, daily 
temperature difference, and dew 
point temperature.  

Linearity: Investigated graphically 
by using the LOESS smoother. 

Statistical Package: NR 

Lag: 0-3, cumulative lag up to 3 
days 

NO2 24-h avg (ppb):  

Mean: 29.9 

SD = 8.4 

Min: 8.3 

Max: 77.1 

IQR: 9.6 ppb 

# of Stations: 16 

Correlation among 
stations: NR 

PM10 24 h; r = 0.50 

PM2.5 24 h; r = 0.64 

CO 8-h avg; r = 0.77 

SO2 24 h; r = 0.64 

O3 1-h max; r = 0.43 

Two-pollutant models 
to adjust for 
copollutants. 

Results reported for OR for 
association of emergency 
department admissions with an 
IQR increase in NO2 (9.3 ppb) 

Cerebrovascular: 

1.032 (0.991, 1.074), lag 0 

Stroke:  

0.994 (0.914, 1.074), lag 0 

Ischemic stroke:  

1.025 (0.956, 1.094), lag 0 

Hemorrhagic stroke:  

0.963 (0.884, 1.042), lag 0 

No significant associations for NO2 
reported. Lag 0 shown but similar 
null results were obtained for lags 
1-3. NO2 highly correlated with PM 
and CO. 

Chang et al. (2005) 

Taipei, Taiwan 

Study Period:  

1997-2001, 5 yrs 

Outcome(s) (ICD9): CVD 410-429. 

Daily clinic visits or hospital 
admission from computerized 
records of National Health 
Insurance. Discharge data. 

Source Population: 2.64 Million 

N: 40.8 admissions/day, 74,509/5 
yrs 

# Hospitals: 41 

Study Design: Case-crossover, 
referent day 1 wk before or after 
index day 

Statistical Analyses: Conditional 
logistic regression.  

Covariates: Same day 
temperature and humidity. 

Season: Warm/cool (stratified by 
temperature cutpoint of 20 ºC) 

Lag(s): 0-2 days 

 

NO2 24-h avg (ppb): 

Mean: 31.54 

Min: 8.13 

25th: 26.27 

50th: 31.03 

75th: 36.22 

Max: 77.97 

# of Stations: 6 

CO 24-h avg 

O3 24-h avg 

SO2 24-h avg 

PM10 24-h avg 

Correlations not 
reported. 

Two-pollutant models 
to adjust for 
copollutants 

OR for the association of CVD 
admissions with an incremental 
increase in 24-h avg NO2 
equivalent to one IQR, 9.95 ppb. 

Warm (≥20 ºC) 

1.177 (1.150, 1.205), lag 0-2 

Cool (<20 ºC) 

1.112 (1.058, 1.168), lag 0-2 

NO2 effect remained in all warm 
season two-pollutant models. 
Effect remained in cool season 
two-pollutant models with the 
exception of the model that 
included PM10. 
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Hosseinpoor et al. (2005) 

Tehran, Iran 

Study period:  

Mar 1996-Mar 2001, 
5 yrs 

Outcome(s) (ICD9): Angina 
pectoris 413. Primary discharge 
diagnosis from registry databases 
or records.  

Study Design: Time-series 

Statistical Methods: Poisson 
regression 

# Hospitals: 25  

Covariates: Long-term trends, 
seasonality, temperature, humidity, 
holiday, post-holiday, day of wk. 

Lag(s): 0-3 

NO2 24-h avg (µg/m3) 

Mean (SD): 60.01 
(39.69) 

Min: 0.30 

25th: 29.39 

Median: 47.42 

75th: 84.55 

Max: 324.78 

NO2 CO O3 PM10 

Correlations not 
reported 

Results reported for relative risk in 
hospital admissions per increment 
of 10 µg/m3 SO2.  

Angina 

1.00618 (1.00261, 1.00976), lag 1 

In a multipollutant model only CO 
(lag 1) was significantly associated 
with angina pectoris related 
hospital admissions. 

Lee et al. (2003a)* 

Seoul, Korea 

Study period:  

Dec 1997-Dec 1999, 
822 days, 184 days in 
summer 

Outcome(s) (ICD10): IHD: Angina 
pectoris 120; Acute or subsequent 
MI 121-123; other acute IHD 124. 
Electronic medical insurance data 
used.  

Study Design: Time-series 

Statistical Methods: Poisson 
regression, GAM with default 
convergence criteria. 

Age groups analyzed: all ages, 
64+  

Covariates: long-term trends 
LOESS smooth, temperature, 
humidity, day of wk. 

Season: Presented results for 
summer (June, July, Aug) and 
entire period. 

Lag(s): 0-6 

 

NO2 24 h (ppb): 

5th: 16 

10th: 23.7 

Median: 30.7 

75th: 38.3 

95th: 48.6 

Mean (SD): 31.5 (10.3) 

IQR: 14.6 

PM10; r = 0.73, 0.74 

SO2; r = 0.72, 0.79 

O3; r = -0.07, 0.63 

CO; r = 0.67, 0.79 

Range depends on 
summer vs. entire 
period. 

Two-pollutant models 

Results reported for RR of IHD 
hospital admission for an 
incremental increase in NO2 
equivalent to one IQR. 

64+, entire study period: 

1.08 (1.03, 1.14), lag 5 

64+, summer only: 

1.25 (1.11, 1.41), lag 5 

Results for lag 5 presented above. 
Lag 0 or 1 results largely null - 
presented graphically. Confounding 
by PM10 was not observed in 
these data using two-pollutant 
models. 

Tsai et al. (2003a) 

Kaohsiung, Taiwan 

Study period:  

1997-2000 

Outcome(s) (ICD9): All 
cerebrovascular 430-438; SHS 
430; PIH 431-432; IS 433-435; 
Other 436-438. Ascertained from 
National Health Insurance 
Program computerized admissions 
records. 

Study Design: Case-crossover 

Statistical Analysis: Conditional 
logistic regression. 

Statistical Software: SAS 

Seasons: ≥20 ºC; <20 ºC.  

N: 23,179 stroke admissions 

# Hospitals: 63  

Lag(s): 0-2, cumulative lag up to 2 
previous days 

24-h avg NO2 (ppb) 

Min: 6.25 

25th: 19.25 

Median: 28.67 

75th: 36.33 

Max: 63.40 

Mean: 28.17 

PM10 

SO2 

CO 

O3 

Results reported as OR for the 
association of admissions with an 
incremental increase of NO2 
equivalent to the IQR of 17.1 ppb 

PIH admissions 

Warm: 1.56 (1.32, 1.84), lag 0-2 

Cool: 0.81 (0.0, 1.31), lag 0-2 

IS admissions: 

Warm: 1.55 (1.40, 1.71), lag 0-2 

Cool: 1.16 (0.81, 1.68), lag 0-2 

Effects persisted after adjustment 
for PM10, SO2, CO, and O3. 

PIH:  

1.31 (1.03, 1.66) NO2 w/ PM10 

1.66 (1.38, 2.00), NO2 w/ SO2 

1.60 (1.25, 2.05) NO2 w/ CO 

1.51 (1.26, 1.80) NO2 w/ O3 

IS: 

1.39 (1.20, 1.60) NO2 w/ PM10 

1.62 (1.45, 1.81), NO2 w/ SO2 

1.54 (1.33, 1.79), NO2 w/ CO 

1.53 (1.37, 1.71), NO2 w/ O3 
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Wong et al. (1999) 

Hong Kong, China 

Study Period:  

1994-1995 

Outcome(s) (ICD9): CVD: 410-
417, 420-438, 440-444; CHF 428; 
IHD 410-414; Cerebrovascular 
Disease 430-438. Hospital 
admissions through ER 
departments via Hospital Authority 
(discharge data).  

Study Design: Time-series 

Statistical Analyses: Poisson 
regression, linear and quadradic 
terms for long-term trends, APHEA 
protocol 

# Hospitals: 12 

Covariates: Daily temperature, 
relative humidity day of wk, 
holidays, influenza, long-term 
trends (yr and seasonality 
variables). Interaction of pollutants 
with cold season examined. 

Season: Cold (Dec-Mar) 

Lag(s): 0-3 days 

NO2 24-h avg (µg/m3) 

Min: 16.41 

25th: 39.93 

Median: 51.39 

75th: 51.39 

Max: 122.44 

PM10; r = 0.79 

SO2 

O3 

Range for other 
pollutants: r = 0.68, 
0.89. 

Results reported for RR 
associated with incremental 
increase in NO2 equal to 10 µg/m3. 

CVD 

5-64 yrs: 1.008 (0.998, 1.018), lag 
0-1 

65+ yrs: 1.016 (1.009, 1.023), lag 
0-1 

All ages: 1.013 (1.007, 1.020), lag 
0-1 

CHF 

1.044 (1.25, 1.063), lag 0-3 

IHD  

1.010 (0.999, 1.020), lag 0-1 

Cerebrovascular Disease 

1.008 (0.998, 1.018), lag 0-1 

Interaction of NO2 with O3 
observed 

Wong et al. (2002)* 

Hong Kong 

London 

Study Period:  

1995-1997 

Outcome(s) (ICD9): Cardiac 
disease 396-429; IHD 410-414. 
Admissions through the 
emergency department, general 
outpatient, or direct to inpatient 
wards.  

Study design: 

Statistical analysis: Poisson 
regression, GAMs, nonparametric 
smooth functions (LOESS) 

Covariates: 

Statistical Software: SPlus 

24-h avg NO2  

Hong Kong 

Mean (warm/cool): 55.9 
(48.1/63.8) 

Min: 15.3 

10th: 31.8 

50th: 53.5 

90th: 81.8 

Max: 151.5 

Hong Kong 

Mean (warm/cool): 64.3 
(62.6.1/66.1) 

Min: 23.7 

10th: 42.3 

50th: 61.2 

90th: 88.8 

Max: 255.8 

Hong Kong 

SO2; r = 0.37 

PM10; r = 0.82 

O3; r = 0.43 

London 

SO2; r = 0.71 

PM10; r = 0.68 

O3; r = -0.29 

Results reported for excess risk 
associated with a 10 µg/m3 change 
in mean concentration 

Single-pollutant model. 

Hong Kong: 1.8 (1.2, 2.4), lag 0-1 

London: -0.1 (-0.6, 0.5), lag 0-1 

Multipollutant results 

Hong Kong:  

1.6 (1.0, 1.3), lag 0-1, adjusted for 
Ozone 

1.7 (0.8, 2.7), lag 0-1, adjusted for 
PM10 

1.6 (0.8, 2.4), lag 0-1, adjusted for 
SO2 

London: 

0.1 (-0.5, 0.6), lag 0-1, adjusted for 
Ozone 

-0.4 (-1.2, 0.4), lag 0-1, adjusted 
for PM10 

-0.2 (-0.9, 0.5), lag 0-1, adjusted 
for SO2 
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REFERENCE, 
STUDY LOCATION, 

& PERIOD 
OUTCOMES, DESIGN, & 

METHODS 
MEAN LEVELS & 

MONITORING 
STATIONS 

COPOLLUTANTS 
(CORRELATIONS)

EFFECTS: RELATIVE RISK 
OR PERCENT CHANGE & 
CONFIDENCE INTERVALS 

([95% LOWER, UPPER]) 

Yang et al. (2004b) 

Kaohsiung, Taiwan 

Period of Study:  

1997-2000 

 

Outcome(s) (ICD9): All CVD: 410-
429 *(All CVD typically defined to 
include ICD9 codes 390-459) 

N: 29,661 

Study Design: Case-crossover 

Statistical Analysis: Poisson time-
series regression models, APHEA 
protocol 

# of Hospitals: 63 

Seasons: Authors indicate not 
considered because the 
Taiwanese climate is tropical with 
no apparent seasonal cycle 

Covariates: Stratified by warm 
(≥25º) and cold (<25º) days, 
temperature and humidity 
measurements included in the 
model  

Statistical Package: SAS 

Lag: 0-2 days 

24-h avg (ppb) 

Min: 6.25  

25%: 19.25  

50%: 28.67  

75%: 36.33  

Max: 63.40  

Mean: 28.17  

# of Stations: 6 

Correlation among 
stations: NR 

PM10  

CO  

SO2  

O3 8  

Two-pollutant models 
used to adjust for 
copollutants  

Correlations NR 

OR’s for the association of one 
IQR (17.08 ppb) increase in NO2 
with daily counts of CVD hospital 
admissions are reported. 

All CVD (ICD9: 410-429), one-
pollutant model  

≥25º: 1.380 (1.246, 1.508) 

<25º: 2.215 (2.014, 2.437) 

All CVD (ICD9: 410-429), two-
pollutant models  

Adjusted for PM10: 

≥25º: 1.380 (1.246, 1.508) 

<25º: 2.215 (2.014, 2.437) 

Adjusted for SO2: 

≥25º: 1.149 (1.017, 1.299) 

<25º: 2.362 (2.081, 2.682) 

Adjusted for CO: 

≥25º: 1.039 (0.919, 1.176) 

<25º: 2.472 (2.138, 2.858) 

Adjusted for O3: 

≥25º: 1.159 (1.051, 1.277) 

<25º: 2.243 (2.037, 2.471) 

Association of CVD admissions 
with NO2 attenuated on warm days 
after adjustment for copollutants. 
Association persisted on cool 
days. Kaohsiung is the center of 
Taiwan’s heavy industry. 

Ye et al. (2001) 

Tokyo, Japan 

Study Period:  

Jul-Aug,  

1980-1995 

Outcome(s): Angina 413; Cardiac 
insufficiency 428; Hypertension 
401-405; MI 410. Diagnosis made 
by attending physician for hospital 
emergency transports.  

Age groups analyzed: 65+ yrs 
male and female 

Statistical analysis: GLM 

Covariates: Maximum 
temperature, confounding by 
season minimal since only 2 
summer mos included in analysis 

Statistical Software: SAS 

Lag(s): 1-4 days 

NO2 24-h avg (ppb) 

Min: 5.3 

Max: 72.2 

Mean (SD): 25.4 (11.4) 

O3; r = 0.183 

PM10; r = 0.643 

SO2; r = 0.333 

CO; r = 0.759 

Results reported for model 
coefficient and 95% CI. 

Angina:  

0.007 (0.004, 0.009) 

Cardiac insufficiency:  

0.006 (0.003, 0.01) 

MI:  

0.006 (0.003, 0.01) 
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REFERENCE, 
STUDY LOCATION, 

& PERIOD 
OUTCOMES, DESIGN, & 

METHODS 
MEAN LEVELS & 

MONITORING 
STATIONS 

COPOLLUTANTS 
(CORRELATIONS)

EFFECTS: RELATIVE RISK 
OR PERCENT CHANGE & 
CONFIDENCE INTERVALS 

([95% LOWER, UPPER]) 

* Default GAM 
AMI Acute Myocardial Infarction 
ARR Arrhythmia  
BC Black Carbon 
COH coefficient of haze 
CP Course Particulate 
CVD Cardiovascular Disease 
EC Elemental Carbon 
FP Fine Particulate 
HS Hemorrhagic Stroke 
ICD9 International Classification of Disease, 9th Revision 
IHD Ischemic Heart Disease 
IS ischemic stroke 
MI Myocardial Infarction 
OC Organic Carbon 
OHC Oxygenated Hydrocarbons 
PERI Peripheral Vascular and Cerebrovascular Disease 
PM Particulate Matter 
PIH primary intracerebral hemorrhage 
PNC Particle Number Concentration 
SHS Subarachnoid hemorrhagic stroke 
TP Total Particulate 
UBRE Unbiased Risk Estimator 

Table AX6.3-10. Studies examining exposure to ambient NO2 and heart rate variability as 
measured by standard deviation of normal-to-normal intervals (SDNN). 

NO2 CONC (PPB) AUTHOR, 
YEAR, 

LOCATION 
STUDY DESIGN AVG 

TIME MEAN 
(SD) RANGE 

COPOLLUTANT 
CORRELATION OUTCOME % CHANGE 

(95% CI) 

Liao et al. (2004) 

US, ARIC study 

Subjects: 4,390 adults 

Analysis Method: 
multivariable linear 
regression 

24 h 21 (8)  none lag 1 -5.0% (-9.2, --
7) 

Subjects: 83 adults 
recruited from 
cardiology 

Analysis Method: linear 
mixed effects 
regression 

1 h 33 (15) 1, 110 PM10: 0.4 

O3: -0.4 

SO2: 0.5 

CO: 0.7 

4-h lag -4.5% (-8.1, --
30) 

Chan et al. (2005) 

Taiwan 

     8-h lag -6.9% (-12.0, -
1.8) 

Subjects: 30 adults (12 
MI + 22 COPD) 

Analysis Method: linear 
mixed models 

4 h 18 (no sd 
given) 

p10-p20,  
7, 30 

PM2.5: 0.4 

CO: 0.5 

MI patients  

[N = 12]  

4-h lag 

-26.0% (-42.1, 
-8.6) 

Wheeler et al. (2006) 

Atlanta 

     COPD 
patients  

[N = 22] 4-h 
lag 

16.6% (0.2, 
34.3) 



 

6-105 

NO2 CONC (PPB) AUTHOR, 
YEAR, 

LOCATION 
STUDY DESIGN AVG 

TIME MEAN 
(SD) RANGE 

COPOLLUTANT 
CORRELATION OUTCOME % CHANGE 

(95% CI) 

Luttmann-Gibson et al. 
(2006) 

Steubenville 

Subjects: 32 adults 
(>50 yrs) 

Analysis Method: 
mixed models 

24 h 10 (no sd 
given) 

p25-p75,  
6, 13 

PM2.5: 0.4 

O3: -0.3 

SO2: 0.3 

 

lag 1 0.3% (-6.0, 
6.6) 

Schwartz et al. (2005) 

Boston 

Subjects: 

28 elderly adults 

Analysis Method: 
hierarchical models 

24 h med 18 p25-p75, 
14, 23 

PM2.5: :0.3 

O3: 0.02 

CO: 0.6 

lag 1 -1.6% (-7.8, 
5.1) 

 

Table AX6.3-11. Studies examining exposure to ambient NO2 and heart rate variability as 
measured by variables recorded on implantable cardioverter defibrillators (ICDs). 

NO2 CONC (PPB) 
AUTHOR, YEAR, 

LOCATION SUBJECTS ANALYSIS 
METHOD MEAN 

(SD) RANGE 

COPOLLUTANT 
CORRELATION OUTCOME OR (95% CI) 

100 cardiac 
outpatients 

logistic regression, 
fixed effects 

23 (no sd 
given) 

11, 65 PM2.5: 0.6 

O3: -0.3 

SO2: 0.3 

CO: 0.7 

Risk of ICD-
recorded 
ventricular 
arrhythmias 

 

     lag 1 1.55 (1.05, 
2.29) 

Peters et al. (2000a) 

Eastern MA 

     lag 0-4 1.88 (1.01, 
3.49) 

203 cardiac 
outpatients 

case-crossover med 22 p25-max, 
18, 62 

 All patients lag 
0-1 

1.54 (1.11, 
2.18) 

Rich et al. (2005) 

Boston 

     Patients with 
recent 
arrhythmia 
(<3 days) lag 
0-1 

2.09 (1.26, 
3.51) 

Dockery et al. 
(2005) 

Boston 

307 cardiac 
outpatients 

logistic regression, 
GEE 

med 23 p25-p95, 
19, 34 

PM2.5 > 0.4  

O3 < -0.4 

SO2 > 0.4 

CO: 0.6 

Patients with 
recent 
arrhythmia  
(<3 days) lag 
0-1 

2.14 (1.14, 
4.03) 

Pekkanen et al. 
(2002) 

Finland 

45 cardiac 
patients 

linear regression, 
GAM 

med 16 p25-max, 
12, 36 

PM2.5: 0.4 

CO: 0.3 

lag 2 14.1 (3.0, 65.4) 

Ruidavets et al. 
(2005) 

France 

863 adults polytomous logistic 
regression 

16 (6) 2, 48 O3: -0.3 

SO2: 0.7 

lag 8h 2.7 (1.2, 5.4) 

l results given for 20-ppb increase in NO2 with 24-h averaging time. 
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Table AX6.3-12. Birth weight and long-term NO2 exposure studies 

CONC RANGE (PPB) AUTHOR, 
YEAR, 

LOCATION 
STUDY DETAILS 

LOW MID-
RANGE HIGH

CORRELATION WITH 
OTHER POLLUTANTS OUTCOMES 

ODDS 
RATIO (95% 

CI) 

Subjects: 92,288 birth cert 

Years: 1995-1997 

Group: Term LBW 

Analysis method: Logistic 
regression 

Distance 3 km 

<26.1 26.1, 32.9 >32.9  Pregnancy  

     Medium NO2 1.06 (0.93, 
1.22) 

     High NO2 1.06 (0.89, 
1.26) 

 <24.3 24.3, 34.7 >34.7  Trimester 1  

     Medium NO2 1.10 (0.96, 
1.27) 

     High NO2 1.09 (0.89, 
1.32) 

 <24.0 24.0, 34.4 >34.4  Trimester 2  

     Medium NO2 0.87 (0.76, 
1.00) 

     High NO2 0.93 (0.77, 
1.12) 

 <23.8 23.8, 34.2 >34.2  Trimester 3  

     Medium NO2 1.01 (0.88, 
1.16) 

Lin et al. 
(2004) 

Taiwan 

     High NO2 0.86 (0.71, 
1.03) 

Subjects: 388,105 birth cert 

Years: 1996-1998 

Group: Term LBW model (GAM) , 
Interquartile 

Averaging time: 24h 

Analysis method: Generalized 
additive 

25 31.4 39.7 PM10: 0.66 

SO2: 0.75 

CO: 0.77 

Pregnancy 1.04 (1.00, 
1.08) 

    PM10: 0.81 

SO2: 0.77 

CO: 0.78 

Trimester 1 1.02 (0.99, 
1.04) 

    PM10: 0.8 

SO2: 0.76 

CO: 0.82 

Trimester 2 1.03 (1.01, 
1.06) 

Lee et al. 
(2003b) 

Seoul, Korea 

     Trimester 3 0.98 (0.96, 
1.00) 
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CONC RANGE (PPB) AUTHOR, 
YEAR, 

LOCATION 
STUDY DETAILS 

LOW MID-
RANGE HIGH

CORRELATION WITH 
OTHER POLLUTANTS OUTCOMES 

ODDS 
RATIO (95% 

CI) 

Subjects: 69,935 birth cert 

Year: 1991 

Group: LBW adjusted for GA 

Averaging time: 24 h 

Analysis method: Logistic 
regression, 50 µg increase 

12.2 20 31.1 SO2: 0.53 Trimester 1 0.98 (0.81, 
1.18) 

    SO2: 0.62 Trimester 2 0.99 (0.80, 
1.23) 

Bobak M. 
(2000) 

Czech 

    SO2: 0.63 Trimester 3 0.97 (0.80, 
1.18) 

Subjects: 179,460 live births 

Group: Ministry of Health, Brazil 

Year: 1997 

Analysis method: GAM models 

43.5 117.9 399.6  First Trimester  

     1Q 1 

     2Q 1.060 (0.971-
1.157) 

     3Q 1.197 (0.885-
1.619) 

     4Q 1.126 (0.812-
1.560) 

     Second 
Trimester 

 

     1Q 1 

     2Q 0.986 (0.902-
1.076) 

     3Q 1.008 (0.871-
1.167 

     4Q 1.034 (0.861-
1.243) 

     Third trimester  

     1Q 1 

     2Q 0.992 (0.913-
1.078) 

     3Q 1.041 (0.927-
1.169 

Gouveia et al. 
(2004) 

Sao Paulo city, 
Brazil 

     4Q 1.046 (0.889-
1.231) 

Subjects: 3,988 birth cert 

Group: LBW adjusted for GA 

Year: 1998 

Analysis method: Logistic 
regression, 10 µg increase 

    Pregnancy 1.28 (0.97, 
1.68) 

  6.2 (5.7)   Medium NO2 0.96 (0.47, 
1.96) 

Maroziene 
and 
Grazuleviciene 
(2002) 

Kaunas, 
Lithuania 

     High NO2 1.54 (0.80, 
2.96) 
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CONC RANGE (PPB) AUTHOR, 
YEAR, 

LOCATION 
STUDY DETAILS 

LOW MID-
RANGE HIGH

CORRELATION WITH 
OTHER POLLUTANTS OUTCOMES 

ODDS 
RATIO (95% 

CI) 

     Trimester 1 0.91 (0.53, 
1.56) 

     Trimester 2 0.93 (0.61, 
1.41) 

     Trimester 3 1.34 (0.94, 
1.92) 

Subjects: 229,085 birth cert 

Years: 1986-1998 

Group: LBW adjusted for GA 

Averaging time: 24 h 

Analysis method: Logistic 
regression, 10 ppb increase 

15.1 18.1 22.3 O3: -0.25 

SO2: 0.61 

CO: 0.72 

First mo 0.98 (0.90, 
1.07) 

Liu et al. 
(2003) 

Vancouver 

     Last mo 0.94 (0.85, 
1.04) 

Subjects: 3,901 birth cert 

Group Term LBW, CHS:  

Years: 1975-1987 

Analysis method: Logistic 
regression 

Distance: 5 km or 3 within 50 km, 
within county 

 36.1 (15.4)  PM10: 0.55 

O3: -0.1 

CO: 0.41 

Pregnancy 0.8 (0.4, 1.4) 

  IQR 25   Trimester 1 0.9 (0.5, 1.5) 

     Trimester 2 1.0 (0.6, 1.6) 

Salam et al. 
(2005) 

Southern CA 

 

     Trimester 3 0.6 (0.4, 1.1) 

Subjects: 358,504 birth cert 

Group: LBW adjusted for GA 

Years: 1999-2002 

Analysis method: logistic 
regression, interquartile linear 
regression, difference in gms per 
IQR 

 17.4 
(5.0) 

 PM2.5: 0.64 

PM10: 0.55 

Pregnancy 1.027 (1.002, 
1.051) 

  IQR 4.8   Black mothers -12.7 (-18.0, -
7.5) 

Bell et al. 
(2007) 

CT and MA 

     White mothers -8.3 (-10.4, -
6.3) 

Subjects: 1016 non-premature 
births 

Group: LISA 

Analysis method: Poisson 
Regression 

0.52 0.75 0.90  Adjusted 1Q 1 

     Adjusted 2Q 0.80 (0.52-
1.28) 

     Adjusted 3Q 1.32 (0.86-
2.09) 

     Adjusted 4Q 1.16 (0.71-
1.71) 

Slama et al. 

(2007) 

Munich 

     Continuous 
coding 

1.21 (0.86-
1.68) 
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CONC RANGE (PPB) AUTHOR, 
YEAR, 

LOCATION 
STUDY DETAILS 

LOW MID-
RANGE HIGH

CORRELATION WITH 
OTHER POLLUTANTS OUTCOMES 

ODDS 
RATIO (95% 

CI) 

        

 
 

Table AX6.3-13. Preterm delivery and long-term NO2 exposure studies 

CONC RANGE (PPB) AUTHOR, 
YEAR, 

LOCATION 
STUDY DETAILS 

LOW MID-
RANGE HIGH 

CORRELATION 
WITH OTHER 
POLLUTANTS 

OUTCOME 
ODDS 
RATIO 

(95% CI) 

Subjects: 69,935 birth cert 

Group: Preterm 

Years: 1991 

Avg time: 24 h 

Analysis Method: Logistic regression, 50 
µg increase 

12.2 20 31.1 SO2: 0.62 Trimester 1 1.10 (1.00, 
1.21) 

     Trimester 2 1.08 (0.98, 
1.19) 

Bobak (2000) 

Czech 

     Trimester 3 1.11 (1.00, 
1.23) 

Subjects: 229,085 birth cert 

Group: Preterm 

Years: 1986-1998 

Avg time: 24 h 

Distance: 13 monitors 

Analysis Method: 10 ppb increase 

15.1 18.1 22.3 O3: -0.25 

SO2: 0.61 

CO: 0.72 

First mo 1.01 (0.94, 
1.07) 

Liu S. et al. (2003) 

Vancouver 

     Last mo 1.08 (0.99, 
1.17) 

Subjects: 3,988 birth cert 

Group: Preterm 

Analysis Method: Logistic regression 

    Pregnancy 1.25 (1.07, 
1.46) 

  6.2 (5.7)   Medium NO2 1.14 (0.77, 
1.68) 

     High NO2 1.68 (1.15, 
2.46) 

     Trimester 1 1.67 (1.28, 
2.18) 

     Trimester 2 1.13 (0.90, 
1.40) 

Maroziene and 
Grazuleviciene R. 
(2002) 

Kaunas, Lithuania 

     Trimester 3 1.19 (0.96, 
1.47) 
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CONC RANGE (PPB) AUTHOR, 
YEAR, 

LOCATION 
STUDY DETAILS 

LOW MID-
RANGE HIGH 

CORRELATION 
WITH OTHER 
POLLUTANTS 

OUTCOME 
ODDS 
RATIO 

(95% CI) 

Subjects: 97,158 birth cert 

Group: Preterm 

Years: 1989-1993 

Avg time: 24 h 

Analysis Method: Logistic regression 

Distance: Zip code within 2 miles 

32 40.9 50.4 PM10: 0.74 

O3: -0.12 

CO: 0.64 

Frst mo No effects 
for any 
preg 
period 

Ritz et al. (2000) 

Southern CA 

     6 wks before 
birth 

No effects 
for any 
preg 
period 

Subjects: 52,113 birth cert 

Group: Preterm 

Years: 2001-2002 

Analysis Method: Log binomial regression 

15.78 22.93 29.9 PM10: 0.37 

SO2: 0.54 

CO: 0.63 

Trimester 1 
Q2 

1.13 (0.99, 
1.27) 

     Trimester 1 
Q3 

1.07 (0.94, 
1.21) 

     Trimester 1 
Q4 

1.24 (1.09, 
1.41) 

Trend .02 

     Trimester 3 
Q2 

1.06 (0.93, 
1.20) 

     Trimester 3 
Q3 

1.14 (1.01, 
1.29) 

Leem et al. (2006) 

Inchon, Korea 

     Trimester 3 
Q4 

1.21 (1.07, 
1.37) 

Trend 
<.001 

Subjects: 28,200 birth cert 

Group: Preterm 

Years: 2000-2003 

Avg time: 24 h 

Analysis Method: Logistic regression 

 8.8 (4.1)  PM10: 0.32 

O3: 0.13 

Trimester 1 0.93 (0.78, 
1.12) 

Hansen et al. 
(2006) 

Brisbane 

     90 days 
before birth 

1.03 (0.86, 
1.23) 
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Table AX6.3-14. Fetal growth and long-term NO2 exposure studies 

CONC RANGE (PPB) 
AUTHOR, YEAR, 

LOCATION STUDY DETAILS 
LOW MID-

RANGE HIGH

CORRELATION WITH 
OTHER POLLUTANTS OUTCOME 

ODDS 
RATIO (95% 

CI) 

Subjects: 3,901 birth cert 

Group: Term SGA, <15% 
of data 

Years: 1975-1987 
Avg time: 24 h 

Analysis Methods: Linear 
mixed model, IQR = 25 

Distance: 5 km or 3 
monitors within 50 km 

 36.1 (15.4)  PM10: 0.55 

O3: -0.1 

CO: 0.69 

Pregnancy 1.1 (0.9, 1.3) 

     Trimester 1 1.2 (1.0, 1.4) 

     Trimester 2 1.0 (0.8, 1.2) 

Salam et al. (2005) 

Southern CA, CHS 

     Trimester 3 1.0 (0.8, 1.2) 

Subjects: 51,460 birth cert 

Group: SGA, >2sd below 
national data 

Years: 1998-2000 
Avg time: 1-h max 

Analysis Methods: 
Logistic regression, 1 ppb 

Distance: 5 km 

18 23 27.5 PM2.5: 0.66 

PM10: 0.47 

O3: 0.29 

CO: 0.57 

Trimester 1 1.06 (0.99, 
1.14) 

  23.2 (7.4)   Trimester 2 1.14 (1.07, 
1.22) 

     Trimester 3 1.13 (1.05, 
1.21) 

Mannes et al. (2005) 

Sydney 

     1 mo before 
birth 

1.07 (1.00, 
1.14) 

Subjects: 229,085 birth 
cert 

Group: Term SGA, <10% 
national  

Years: 1986-1998 
Avg time: 24 h  

Analysis Methods: 
Logistic regression, 
10 ppb 

Distance: 13 monitors Avg 

15.1 18.1 22.3 SO2: 0.61 

O3: -0.25 

CO: 0.72 

Trimester 1 1.03 (0.98, 
1.10) 

     Trimester 2 0.94 (0.88, 
1.00) 

     Trimester 3 0.98 (0.92, 
1.06) 

     First mo 1.05 (1.01, 
1.10) 

Liu et al. (2003) 

Vancouver 

     Last mo 0.98 (0.92, 
1.03) 
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Table AX6.3-15. Lung function and long-term NO2 exposure. 

CONC RANGE (ppb) AUTHOR, 
YEAR, 

LOCATION 
STUDY DETAILS 

LOW MID-
RANGE HIGH

CORRELATION WITH 
OTHER POLLUTANTS OUTCOME 

ODDS 
RATIO 

(95% CI) 

Subjects: 1757 children age 10-
18, CHS 

Group: Lung function, 
Longitudinal 

Avg Time: 24-h annual 

Anlaysis Method: 2-stage linear 
Regression, 34.6 ppb 

Distance: Study monitors in 12 
towns 

   PM2.5: 0.79 

PM10: 0.67 

O3: -0.11 

Difference in 
lung growth 

 

     FVC -95 (-183.4, 
-0.6) 

     FEV1 -101.4 (-
164.5, -
38.4) 

Gauderman 
(2004) 

Southern CA 

     MMEF -211 (-
377.6, -
44.4) 

Subjects: 467 children age 9-16 

Group: Lung function 

Avg Time: Median wkly 

Anlaysis Method: Linear 
regression, Parameter estimates 

 21.28 
threshold 

  with asthma 
symp 

 

     FEV1 0.437 

     lnMEF75% -0.011 

     lnMEF50% -0.022 

     lnMEF25% -0.029 

     no asthma 
symp 

 

     FEV1 -0.049 

     lnMEF75% 0.003 

     lnMEF50% 0.004 

Moseler et al. 
(1994) 

Frieberg, 
Germany 

     lnMEF25% 0.003 

Subjects: 3,115 adults, 3-yr 
residents, nonsmokers, 
SAPALDIA 

Group: Lung function 

Avg Time: 24-h annual 

Anlaysis Method: 2-stage linear 
Regression 

Distance: Monitors in 8 Study 
areas 

 18.9 (8.5)  PM10: 0.91 

O3 : -0.78 

SO2: 0.86 

FVC -0.0123 (-
0.0152, -
0.0094) 

Ackermann-
Liebrich et al. 
(1997) 

Switzerland 

     FEV1 -0.0070 (-
0.0099, -
0.0041) 
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CONC RANGE (ppb) AUTHOR, 
YEAR, 

LOCATION 
STUDY DETAILS 

LOW MID-
RANGE HIGH

CORRELATION WITH 
OTHER POLLUTANTS OUTCOME 

ODDS 
RATIO 

(95% CI) 

Subjects: 560 
adults, 3-yr 
residents, 
SAPALDIA 

Group: Lung 
function 

Avg Time: Wkly avg 

Anlaysis Method: 
Linear regression 

Distance: Personal 
and Home monitors 

    FVC home % change -
0.59  
(-1) 

     FVC personal  

     FEV home   

Schindler et al. 
(1998) 

Switzerland 

     FEV personal  

Subjects: 3,293 
children, CHS 

Group: Lung 
function 

Avg Time: 24 h 

Anlaysis Method: 
Linear regression 

Distance: Study 
monitors in 12 
towns 

    FVC all: 1986-1990 -42.6 (13.5) 

     FVC girls: 1986-1990 -58.5 (15.4) 

     FEV1 all: 1986-1990 -23.2 (12.5) 

     FEV1 girls: 1986-
1990 

-39.9 (13.9) 

     FVC all: 1994 -46.2 (16.0) 

     FVC girls: 1994 -56.7 (19.8) 

     FEV1 all: 1994 -22.3 (14.8) 

Peters et al. 
(1999a) 

Southern CA 

     FEV1 girls: 1994 -44.1 (16.1) 

(MEN)    

22 30 40 O3: 0.57 lnFEF75 men -0.029 (0.003) 

(WOMEN)    

Tager et al. (2005) 

Southern & 
Northern CA 

Subjects: 255 
students UC 
Berkeley 

Group: Lung 
function 

Avg Time:  

Anlaysis Method: 
Linear regression 

21 27 40  lnFEF75 women -0.032 (0.002) 

        



 

6-114 

Table AX6.3-16. Asthma and long-term NO2 exposure. 

CONC RANGE (PPB) AUTHOR, 
YEAR, 

LOCATION 
STUDY 
DESIGN 

ANALYSIS 
METHOD 

CORRELATION 
WITH OTHER 
POLLUTANTS LOW MID-

RANGE HIGH 

STUDY 
FACTOR 

ODDS RATIO 
(95% CI) 

Subjects: 148 
children ages 7-
14 

Years: 1994-1995 

Distance: In 
home 

Study Group: 
Asthma, Monash 
Q 

Logistic 
regression 

10 µg 

  6    

      Bedroom NO2 1.01 

(0.75, 1.37) 

      Indoor mean 1.00 

(.075, 1.31) 

      winter 0.99 

(0.84, 1.16) 

Garrett et al. 
(1999) 

Latrobe Valley,  

Australia 

      summer 2.52 

(0.99, 6.42) 

Subjects: 5,421 
children ages 5-7, 
9-11 

Years: 1995-
1996, 12 mo 
residence 

Distance: 4 
monitors within 1 
km 

Study Group: 
Asthma, ISAAC 

Logistic 
regression 

10 µg 

 29.3 33.8 37.8   

      Home address 1.16 

(0.94, 1.42) 

Hirsch et al. 
(1999) 

Dresden, 
Germany 

      Home & school 1.14 

(0.86, 1.51) 

Subjects: 3,676 
children Age 9-16  

Years: 1994 

Avg time: 24 h 

Distance: Study 
monitors in 12 
towns 

Study Groups: 
Asthma, 
Questionnaire 

Logistic 
regression  

IQR = 25 ppb 

  21.5 
mean 

   

      all children 1.21  
(0.850, 1.71) 

      boys 1.25 

(0.90, 1.75) 

Peters et al. 
(1999b) 
Southern CA, 
CHS 

      girls 1.07 

(0.57, 2.02) 
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CONC RANGE (PPB) AUTHOR, 
YEAR, 

LOCATION 
STUDY 
DESIGN 

ANALYSIS 
METHOD 

CORRELATION 
WITH OTHER 
POLLUTANTS LOW MID-

RANGE HIGH 

STUDY 
FACTOR 

ODDS RATIO 
(95% CI) 

Subjects: 2,034 
children age 9-11 

Years: 1995 

Distance: Study 
monitors in 12 
towns 

Study Groups: 
Asthma, 
Medication use 

Mixed effects 
model 

IQR = 
5.74 ppb 

PM2.5: 0.28 

PM10: 0.39 

   Annual 0.94 

(0.71, 1.22) 

      Mar-Aug 0.96 

(0.68, 1.37) 

Millstein et al. 
(2004) 

Southern CA, 
CHS 

      Sep-Feb 0.90 

(0.66, 1.24) 

Subjects: 4,901 
children Age 9-11 

Years: 1999-
2000, 3 yr 
residence 

Avg time: 3 yrs 

Distance: 
monitoring sites, 
school address 

Study Groups: 
Asthma, ISAAC 

Logistic 
regression 

10 µg 

PM10: 0.46  

O3: 0.76 

SO2: 0.35 

8.7, 
16.0 

 16.1, 
25.7 

Lifetime asthma 0.94 

(0.83, 1.07) 

Pénard-Morand 
et al. (2005) 

France 6 towns 

      Current asthma 0.92 

(0.77, 1.10) 

Subjects: 843 
children 

Distance: monitor 
in each 
community 

Avg time: 3 yrs 

Study Group: 
Asthma, ISAAC 

Logistic 
regression 

<.05 

 8.0, 8.7 11.7, 13.3 14.7, 
17.0 

Ever asthma low 1.28 

      Ever asthma 
medium 

2.14 

      Ever asthma 
high 

5.81 

      Current asthma 
low 

1.7 

      Currrent asthma 
medium 

1.47 

Studnicka et al. 
(1997) 

 8 communities, 
Lower Austria 

      Current asthma 
high 

8.78 

Wang et al. 
(1999) 

Taiwan 

Subjects: 
117,080 students 
age 11-16 

Distance: 24 
district monitors 

Study Group: 
Asthma 

Logistic 
regression 

Above/below 
median 

  28 median  Current asthma 1.08  
(1.04, 1.13) 
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CONC RANGE (PPB) AUTHOR, 
YEAR, 

LOCATION 
STUDY 
DESIGN 

ANALYSIS 
METHOD 

CORRELATION 
WITH OTHER 
POLLUTANTS LOW MID-

RANGE HIGH 

STUDY 
FACTOR 

ODDS RATIO 
(95% CI) 

Ramadour et al. 
(2000) 

7 communities, 
France 

Subjects: 2,445 
children  

Years: 3-yr 
residence 

Age 13-14 

Distance: 
Monitors in each 
community 

Study Group: 
Asthma, ISAAC 

Logisitic 
regression 

  11-27 
mean 

  Nonsignificant 
Results 

Subjects: 905 
children age 9-10  

Distance: In 
home 
measurements 
Monitors near 
schools 

Study Groups: 
Asthma, 
Prevalence, 
Incidence 

Logistic 
regression 

10-ppb 
increase 

 20-29 30-39 

7-25 mean 
Outdoors 

≥40 Outdoor 4th 
grade girls 

1.14 
(0.65, 2.09) 

      Outdoor 5th 
grade girls 

1.14  
(0.63, 2.13) 

      Outdoor 6th 
grade girls 

0.95  
(0.45, 2.05) 

      Indoor 4th grade 
girls 

1.63  
(1.06, 2.54) 

      Indoor 5th grade 
girls 

1.67 
(1.06, 2.66) 

      Indoor 6th grade 
girls 

1.18  
(0.62, 2.18) 

      Outdoor 2.10 
(1.10, 4.75) 

Shima and 
Adachi et al. 
(2000) 

7 communities, 
Japan 

      Indoor 0.87  
(0.51, 1.43) 
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CONC RANGE (PPB) AUTHOR, 
YEAR, 

LOCATION 
STUDY 
DESIGN 

ANALYSIS 
METHOD 

CORRELATION 
WITH OTHER 
POLLUTANTS LOW MID-

RANGE HIGH 

STUDY 
FACTOR 

ODDS RATIO 
(95% CI) 

Subjects: 1,109 
children Age 9-11 

Distance: 10 
school sites 

Study Group: 
Asthma 

2-stage 
Hierarchical 
model 

IQR = 3.6 NO2 

IQR = 14.9 
NOX 

PM2.5: “low” 

O3: “low” 

 24 mean  All children 1.02 

(0.97, 1.07) 

      All 1 yr residents 1.04 

(0.98, 1.10) 

      1 yr resident girls 1.09 

(1.03, 1.15) 

      1 yr resident 
boys 

1.00 

(0.94, 1.07) 

      All children 1.04 

(0.97, 1.11) 

      All 1 yr residents 1.07 

(1.00, 1.14) 

      1 yr resident girls 1.17 

(1.06, 1.29) 

Kim et al. 
(2004a) 

San Francisco 
Bay area 

      1 yr resident 
boys 

1.02 

(0.93, 1.11) 

Subjects: 208 
children  

Avg time: 4 wk 

Distance: 
Outside home 

Study Group: 
Asthma 

Logistic 
regression 

IQR = 5.7 

  13-51  Lifetime asthma 1.83 

(1.04, 3.21) 

Gauderman 
et al. (2005) 

Southern CA 
CHS 

      Asthma med use 2.19 

(1.20, 4.01) 

Subjects: 32,672 
children 

Distance: 
Schools within  

1 km of monitors 

Study Group: 
Asthma, ISAAC 

2-stage 
Hierarchical 
model 

10 ppb NOX 

PM10: 0.34 O3: -
0.39 

SO2: 0.5 

21.5 29.6 33.1 Parental atopy 0.99 

(0.92, 1.07) 

Hwang et al. 
(2005) 

Taiwan,  

National study 

      No parental 
atopy 

1.02 

(0.95, 1.10) 
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Table AX6.3-17. Respiratory symptoms and long-term NO2 exposure. 

CONC RANGE (ppb) 
STUDY LOCATION STUDY 

GROUP SUBJECTS
ODDS 
RATIO 

(95% CI) 
ANALYSIS 
METHOD AVG TIME 

LOW MID-
RANGE HIGH 

CORRE-
LATION DISTANCE

Karr et al. 
(2006) 

Southern 
California 

Infant 
Bronchiolitis 

18,595 
cases; 
169,472 
controls ages 
3 wks to 1 yr 

1.03 [0.99, 
1.07] per 
16 ppb 

Conditional 
logistic 
regression 

Chronic 
(lifetime avg of 
1-h daily max) 
(ppb) 

12 58 204  34 monitors 

            

Karr et al. 
(2006) 

Southern 
California 

Infant 
Bronchiolitis 

18,595 
cases; 
169,472 
controls ages 
3 wks to 1 yr 

1.04 [1.00, 
1.08] per 
15 ppb 

Conditional 
logistic 
regression 

Subchronic 
(avg of 1-h 
daily max 1 mo 
prior to 
hospitalization) 
(ppb) 

12 57 152  34 monitors 
in home 

            

Garrett et al. 
(1999) 

Latrobe 
Valley 

Symptoms 148 children  Logistic 
regression 

  6    

wheeze Australia Monash Q Age 7-14 1.15 (0.85, 
1.54) 

       

cough   1994-1995 1.47 (0.99, 
2.18) 

10 µg       

short of breath    1.23 (0.92, 
1.64) 

       

chest tightness    1.12 (0.81, 
1.56) 

       

any symptoms    1.24 (0.91, 
1.68) 

10 µg mean      4 monitors 

any symptoms    1.12 (0.93, 
1.35) 

10 µg winter       

any symptoms    2.71 (1.11, 
6.59) 

10 µg 
summer 

      

            

Hirsch et al. 
(1999) 

Dresden Symptoms 5,421 
children 

 Logistic 
regression 

 29.3 33.8 37.8  Within 1 km 

wheeze home Germany ISAAC Age 5-7, 9 11 1.13 (0.93, 
1.37) 

       

wheeze school   1995-1996 0.95 (0.72, 
1.26) 

10 µg       

cough home   12 mo 
residence 

1.22 (1.94, 
1.44) 

       

cough school    1.21 (0.96, 
1.52) 

       

cough non-
atopic child 

   1.42 (1.10, 
1.84) 

       

            

Peters et al. 
(1999b) 

Southern CA Symptoms 3,676 
children 

 Logistic 
regression 

24 h  21.5 
mean 

  Study 
monitors 

in 12 towns 
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CONC RANGE (ppb) 
STUDY LOCATION STUDY 

GROUP SUBJECTS
ODDS 
RATIO 

(95% CI) 
ANALYSIS 
METHOD AVG TIME 

LOW MID-
RANGE HIGH 

CORRE-
LATION DISTANCE

wheeze CHS Questionnaire Age 9-16 1.12 (0.86, 
1.45) 

       

cough   1994 1.14 (0.94, 
1.39) 

IQR = 
25 ppb 

      

wheeze boys    1.54 (1.04, -
2.29) 

       

wheeze girls    0.86 (0.57, 
1.29) 

       

            

Millstein et al. 
(2004) 

Southern CA Symptoms 2,034 
children 

 Mixed 
effects 
model 

Moly    PM2.5: 
0.28 
PM10: 
0.39 

Study 
monitors 

in 12 towns 

wheeze CHS  Age 9-11 0.93 (0.77, 
1.12) 

       

wheeze  

Mar-Aug 

  1995 0.79 (0.40, 
1.53) 

IQR = 
5.74 ppb 

      

wheeze  

Sep-Feb 

   0.85 (0.64, 
1.14) 

       

            

Pénard-Morand 
et al. (2005) 

France 6 
towns 

Symptoms 4,901 
children 

 Logistic 
regression 

3 yrs     29 
monitoring 
sites,  

school 
address 

  ISSAC Age 9-11         

wheeze past 
12 mos. 

  1999-2000 0.87 (0.75, 
1.01) 

10 µg  8.7, 16.0  16.1, 
25.7 

O3: 0.76 

SO2: 0.35 
PM10: 
0.46 

 

   3-yr 
residence 

        

            

Roemer et al. 
(1993) 

Wageningen 
and 
Bennekom, 
Netherlands 

Symptoms 

Questionnaire 

73 children 
grades 3-8 

Dec 1990-
Mar 1991 

No 
associations

Time series 
using Yule-
Walker 
estimation 
method 

24 hr avg   127 PM10: 
0.57 

SO2: 0.26

BS: 0.65 

National Air 
Quality 
Monitoring 
Network 

            

Mukala et al. 
(1999) 

Helsinki Symptoms 163 children  GEE Wkly Avg <8.6 8.6, 14.5 >14.5  Palmes 
tubes 

cough Finland  Age 3-6 1.23 (0.89, 
1.70) 

2nd tertile      On outer 
garment 

cough   1991 1.52 (1.00, 
2.31) 

3rd tertile       

nasal symp 
winter 

   0.99 (0.58, 
1.68) 

2nd tertile       

nasal symp 
winter 

   0.89 (0.44. 
1.82) 

3rd tertile       
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CONC RANGE (ppb) 
STUDY LOCATION STUDY 

GROUP SUBJECTS
ODDS 
RATIO 

(95% CI) 
ANALYSIS 
METHOD AVG TIME 

LOW MID-
RANGE HIGH 

CORRE-
LATION DISTANCE

nasal symp 
spring 

   0.76 (0.56, 
1.02) 

2nd tertile       

nasal symp 
spring 

   0.68 (0.46, 
1.01) 

3rd tertile       

Pikhart et al. 
(2000) 

Prague Symptoms 3,045 
children 

 Multi-level 
model 

 14.8 19 24.1   

wheeze  Czech SAVIAH Age 7-10 1.16 (0.95, 
1.42) 

Individual 
covariates 

      

wheeze    1993-1994 1.07 (0.86, 
1.33) 

Ecological 
covariates 

      

wheeze     1.08 (0.86, 
1.36) 

Both 
covariates 

      

            

Setiani (1996) 6 cities in 
Japan 

Hiroshima 
Community 
Health Study 

13,836 adult 
non-smoking 
women aged 
40-59 

Logistic 
regression 
coefficient 
(standard 

error) 

Individual 
multiple 
linear 
regression 
analysis 

24 h graph graph graph SPM: 
0.606 

OX: -
0.337 

 

Lacrimacy    0.047 
(0.046) 

       

Eye itch    0.036 
(0.046 

       

Runny nose    -0.018 
(0.076) 

       

Sore throat    0.059 
(0.042) 

       

Cough    -0.046 
(0.044) 

       

Plegm    -0.088 
(0.049) 

       

SOB    -0.056 
(0.058) 

       

Sum of cough 
with phlegm 
and SOB 

   -0.035 
(0.030) 

       

            

Van Strien 
(2004) 

CT and MA Symptoms 849 children  Poisson 
regression 

10-14 day 5.1 9.9 17.4  In home 

wheeze   Age 12 mos 1.15 (0.79, 
1.67) 

Q2 Avg      

wheeze    1.03 (0.69, 
1.53) 

Q3       

wheeze    1.45 (0.92, 
2.27) 

Q4       

cough    0.96 (0.69, 
1.36) 

Q2       

cough    1.33 (0.94, 
1.88) 

Q3       
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CONC RANGE (ppb) 
STUDY LOCATION STUDY 

GROUP SUBJECTS
ODDS 
RATIO 

(95% CI) 
ANALYSIS 
METHOD AVG TIME 

LOW MID-
RANGE HIGH 

CORRE-
LATION DISTANCE

cough    1.52 (1.00, 
2.31) 

Q4       

short of breath    1.59 (0.96, 
2.62) 

Q2       

short of breath    1.95 (1.17. 
3.27) 

Q3       

short of breath    2.38 (1.31, 
4.34) 

Q4       

Nitschke et al. 
(2006) 

Adelaide Symptoms 174 
asthmatic 

 Zero-inflated 
negative 

 School 
34 (28) 

 117 max  9 days in 
class 

Wheeze school Australia  Children, age 
5-13 

0.99 (0.93, 
1.06) 

binomial 
regression 

 Home 
20 (22) 

 147 max  3 days at 
home 

Wheeze home   2000 1.00 (0.90, 
1.11) 

       

Cough school    1.01 (0.98, 
1.04) 

10-ppb 
increase 

      

Cough home    0.99 (0.96, 
1.02) 

       

Difficult breath 
school 

   1.11 (1.05, 
1.18) 

       

Difficult breath 
home 

   1.03 (1.01, 
1.05) 

       

Chest tight 
school 

   1.12 (1.07, 
1.17) 

       

Chest tight 
home 

   1.02 (0.95, 
1.09) 

       

            

Hoek and 
Brukekreef 
(1993) 

Wageningen, 
Netherlands 

Primary 
school 

112 children 
grades 4-7 

No 
association

Individual 
linear 
regression 
analysis and 
distribution 
of individual 
regression 
slopes 

24-h   127 PM10: 
0.55 

SO2: 0.28

BS: 0.65 

 

Delfino et al. 
(2006) 

Southern 
California 

Asthmatic 
children 

45 children 
ages 9-18 

 Linear mixed 
effects 
models 
(Verbeke 
and 
Molenberghs 
2001) 

24-h    Personal 
NO2, 
personal 
PM2.5: 
0.33 

Backpack 
monitor, 
active 
sampling 
system, 
central site 
exposure 

Personal NO2          Central 
NO2, 
personal 
PM2.5: 
0.22 

 

Not taking anti-
inflammatory 
meds 

   0.80 (-3.01 
to 4.61) 

     Central 
NO2, 
central 
PM2.5: 
0.25 
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CONC RANGE (ppb) 
STUDY LOCATION STUDY 

GROUP SUBJECTS
ODDS 
RATIO 

(95% CI) 
ANALYSIS 
METHOD AVG TIME 

LOW MID-
RANGE HIGH 

CORRE-
LATION DISTANCE

Taking anti-
inflammatory 
meds 

   1.67 (0.55 
to 2.79) 

       

Inhaled 
corticosteroids 

   1.22 (0.04 
to 2.40 

       

Antileukotrienes 
± inhaled 
corticosteroes 

   1.73 (-0.70 
to 4.16) 

       

Central site 
NO2 

           

Not taking anti-
inflammatory 
meds 

   0.96 (-1.34 
to 3.26) 

       

Taking anti-
inflammatory 
meds 

   1.48 (0.47 
to 2.50) 

       

Inhaled 
corticosteroids 

   1.32 (0.33 
to 2.32) 

       

Antileukotrienes 
± inhaled 
corticosteroes 

   -7.5 (-2.83 
to 1.32) 

       

Salome et al. 
(1996) 

Australia asthmatic 20 (9 adults 
and 11 
children) 

 ANOVA  0.02 ppm  1.12 ppm   

Day of 
exposure- room 
air 

           

Change in 
symptom score: 
adult 

   0.01 (0.38)        

Change in 
symptom score: 
Child 

   -0.02 (0.26)        

Wk following 
exposure- room 
air 

           

Severity score: 
adult 

   4.38 (1.5)        

Severity score: 
child 

   4.20 (1.3)        

            

Pattenden et al. 
(2006) 

Russia, 
Austria, Italy, 
Switzerland, 
Netherlands 

PATY 23,955 
children ages 
6-12 

 Logistic 
regression, 
Cochran χ2 

 12.45  50.00  variable 

   1993-1999         

Wheeze    1.01 (0.93-
1.10) 

       

Asthma    1.02 (0.94-
1.09) 

       

Bronchitis    0.99 (0.88-
1.12) 
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CONC RANGE (ppb) 
STUDY LOCATION STUDY 

GROUP SUBJECTS
ODDS 
RATIO 

(95% CI) 
ANALYSIS 
METHOD AVG TIME 

LOW MID-
RANGE HIGH 

CORRE-
LATION DISTANCE

Phlegm    1.05 (0.95-
1.17) 

       

Nocturnal 
cough 

   1.13 (0.94-
1.35) 

       

Morning cough    1.15 (1.01-
1.30) 

       

Sensitivity to 
inhaled 
allergens 

   1.13 (1.01-
1.26) 

       

Hay fever    1.04 (0.98-
1.11) 

       

Itchy rash    1.05 (0.98-
1.12) 

       

Woken by 
wheeze 

   1.06 (0.89-
1.26) 

       

Allergy to pets    1.14 (0.99-
1.31) 

       

            

Chen et al. 
(1999) 

Taiwan Study on Air 
Pollution and 
Health 

941 children 
ages 8-13 

Coefficient 
(standard 

error) 

models  9.2  141.6   

Day avg            

1 day lag- FVC    -2.66 (1.23)        

1 day lag- 
FEV10 

   -0.46 (1.16)        

2 day lag- FVC    -3.32 (1.53)        

2 day lag 
FEV10 

   -0.93 (1.45)        

7 day lag- FVC    1.39 (1.71)        

7 day lag- 
FEV10 

   2.52 (1.61)        

Daytime Peak            

1 day lag- FVC    -0.59 (0.40)        

1 day lag- 
FEV10 

   -0.16 (0.37)        

2 day lag- FVC    -1.33 (0.72)        

2 day lag 
FEV10 

   -0.36 (0.68)        

7 day lag- FVC    -0.13 (0.87)        

7 day lag- 
FEV10 

   0.43 (0.82        
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Table AX6.3-18. Lung cancer. 

CONC RANGE (PPB) 
AUTHOR, YEAR, 

LOCATION EXPOSURE STUDY SUBJECTS 
LOW MID-

RANGE HIGH
ANALYSIS ODDS RATIO 

(95% CI) 

Nyberg et al. (2000) 

Stockholm, Sweeden 

From addresses 
and traffic 

1,042 cases, 2,364 controls 
men age 40-75 

8.1 10.6 13.3 logistic regression  

      30-yr estimated 
exposure 

10 µg 

1.05 (0.93, 1.18) 

      Q2 1.18 (0.93, 1.49) 

      Q3 0.90 (0.71, 1.14) 

      Q4 1.05 (0.79, 1.40) 

      10-yr estimated 
exposure 

10 µg 

1.10 (0.97, 1.23) 

      Q2 1.15 (0.91, 1.46) 

      Q3 1.01 (0.79, 1.29) 

      Q4 1.07 (0.81, 1.42) 

      90th percentile 1.44 (1.05, 1.99) 

        

Nafstad (2004) 

Norway 

Home address 
1972-1974 

16,209 men age 40-49 at entry 
followed 1972-1998 

5.32 10.6 16 Cox proportional  

      lung cancer 
incidence 

10 µg 

1.08 (1.02, 1.15) 

      Q2 0.90 (0.70, 1.15) 

      Q3 1.06 (0.81, 1.38) 

      Q4 1.36 (1.01, 1.83) 

      non-lung cancer 

10 µg 

1.02 (0.99, 1.06 

      Q2 0.98 (0.88, 1.08) 

      Q3 1.05 (0.94, 1.18) 

      Q4 1.04 (0.91, 1.18) 
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Table AX6.3-19. Effects of acute NOX exposure on mortality. Risk estimates are standardized for 
per 20 ppb 24-h avg NO2 increment. 

REFERENCE, 
STUDY 

LOCATION, 
AND PERIOD 

OUTCOME 
MEASURE 

MEAN NO2 
LEVELS 

COPOLLUTANTS 
CONSIDERED 

LAG 
STRUCTURE 
REPORTED 

METHOD/DESIGN EFFECT 
ESTIMATES 

META ANALYSIS 
Stieb et al. 
(2002), 
re-analysis 
(2003) meta-
analysis of 
estimates from 
multiple 
countries.  

All cause 24-h avg ranged 
from 13 ppb 
(Brisbane, 
Australia) to 
38 ppb (Santiago, 
Chile). 
“Representative” 
concentration: 
24 ppb 

PM10, O3, SO2, CO The lags and 
multiday 
averaging used 
in these 
estimates varied 

Meta-analysis of Time-
series study results 

Single-pollutant 
model (11 
estimates): 0.8% 
(95% CI: 0.2, 1.5); 

Multipollutant 
model estimates 
(3 estimates): 
0.4% (95% CI: -
0.2, 1.1) 

UNITED STATES 
Samet et al. 
(2000a,b) 

(reanalysis 
Dominici et al., 
2003) 90 U.S. 
cities (58 U.S. 
cities with NO2 
data) 

1987-1994 

All cause; 
cardiopulmonary 

Ranged from 
9 ppb (Kansas 
City) to 39 ppb 
(Los Angeles), 
24-h avg 

PM10, O3, SO2, 

CO; two-pollutant 

models 

0, 1, 2 Poisson GAM, 
reanalyzed with 
stringent convergence 
criteria; Poisson GLM. 
Time-series study. 

24-h avg NO2 (per 
20 ppb):  

Posterior means:  

All cause:  

Lag 1: 0.50% 
(0.09, 0.90) 

Lag 1 with PM10 
and SO2: 0.48% (-
0.54, 1.51) 

Kinney and 
Özkaynak 

(1991) 

Los Angeles 
County, CA 

1970-1979 

All cause; 

respiratory; 

circulatory 

69 ppb, 24-h avg  KM (particle optical 
reflectance), NO2, 
SO2, CO; 
multipollutant models 

1 OLS (Ordinary Least 

Squares) on high-pass 

filtered variables. 

Time-series study. 

All cause:  

Exhaustive 
multipollutant 
model: 0.5% (-0.1, 
1.2); 

Two-pollutant with 
OX: 0.7% (0.5, 
1.0) 

Kelsall et al. 
(1997) 
Philadelphia, PA, 
1974-1988 

All cause;  

respiratory; 

cardiovascular,  

39.6 ppb, 24-h 
avg 

TSP, CO, SO2, O3 0 (AIC 
presented for 0 
through 5) 

Poisson GAM All cause:  

Single-pollutant: 
0.3% (-0.6, 1.1); 

With TSP: -1.2%  
(-2.2, -0.2) 

Ostro et al. 
(2000) 

Coachella Valley, 
CA 

1989-1998 

All cause; 

respiratory; 

cardiovascular; 

cancer; other 

20 ppb, 24-h avg PM10, PM2.5, 

PM10-2.5, O3, CO 

0-4  Poisson GAM with 

default convergence 

criteria. Time-series 

study. 

Lag 0 day:  

All cause: 5.5% 
(1.0, 10.3) 

Respiratory: 1.8% 
(-10.3, 15.5) 

Cardiovascular: 
3.7% (-1.7, 9.3) 

Fairley (1999; 
reanalysis 

Fairley, 2003) 

Santa Clara 
County, CA 

1989-1996 

All cause; 

respiratory; 

circulatory 

28 ppb, 24-h avg PM10, PM2.5, 

PM10-2.5, SO42-, 

coefficient of 

haze, NO3-, O3, 

SO2;  

0, 1 Poisson GAM, 

reanalyzed with 

stringent convergence 

criteria; Poisson GLM. 

Time-series study. 

Lag 1:  

All cause: 1.9% 
(0.2, 3.7); 

Cardiovascular: 
1.4% (-1.7, 4.5); 

Respiratory: 4.8% 
(-0.3, 10.2) 
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Gamble (1998) 

Dallas, TX 

1990-1994 

All cause; 

cardiopulmonary 

15 ppb, 24-h avg PM10, O3, SO2, 

CO; two-pollutant 

models 

Avg 4-5 Poisson GLM. Time-
series study. 

All cause: 4.4% 
(0.0, 9.0) 

Cardiovascular: 
1.9% (-4.6, 9.0) 

Respiratory: 
13.7% (-2.0, 32.0) 

Dockery et al. 
(1992) 

St. Louis, MO 
and Eastern 
Tennessee 

1985-1986 

All cause St. Louis: 20 ppb; 

Eastern 
Tennessee: 
12.6 ppb, 24-h 
avg  

PM10, PM2.5, SO4, 
H+, O3, SO2 

Lag 1  Poisson with GEE. 

Time-series study. 

All cause:  

St. Louis, MO: 
0.7% (-3.5, 5.1) 

Eastern 
Tennessee: 3.9% 
(-8.7, 18.2) 

Moolgavkar 
(2003) 

Cook County, IL 
and Los Angeles 
County, CA, 
1987 1995 

All cause; 

cardiovascular 

Cook County: 
25 ppb; Los 
Angeles: 38 ppb, 
24-h avg  

PM2.5, PM10, O3,  

SO2, CO; two-
pollutant models 

0, 1, 2, 3, 4, 5 Poisson GAM with 

default convergence 

criteria. Time-series 

study. 

All cause:  

Lag 1:  

Cook County: 
Single-pollutant:  

2.2% (1.3, 3.1); 
with PM10: 1.8% 
(0.7, 3.0); 

Los Angeles: 
Single-pollutant: 
2.0% (1.6, 2.5); 
with PM2.5: 1.8% 
(0.1, 3.6).  

Moolgavkar 
(2000a,b,c); 

re-analysis 
(2003).  

Cook County, IL; 
Los Angeles 
County, CA, and 
Maricopa County, 
AZ,  

1987-1995 

Cardiovascular; 

cerebrovascular; 

COPD 

Cook County: 
25 ppb; Los 
Angeles: 38 ppb; 
Maricopa County: 
19 ppb, 24-h avg  

PM2.5, PM10, O3, 

SO2, CO; two- and 

three-pollutant 

models 

0, 1, 2, 3, 4, 5 Poisson GAM with 

default convergence 

criteria in the original 
Moolgavkar (2000); 
GAM with stringent 
convergence criteria 
and GLM with natural 
splines in the 2003  
re-analysis. The 2000 
analysis presented total 
death risk estimates 
only in figures.  

GAM, Lag 1:  

Cardiovascular:  

Cook County: 
1.1% (-0.5, 2.8); 
Los Angeles: 2.8% 
(2.0, 3.6); 
Maricopa Co.: 
4.6% (0.5, 9.0); 

Re-analysis, GLM: 
Total deaths: 2.5% 
(1.5, 3.6) 

Lippmann et al. 
(2000); 
reanalysis Ito, 
(2003, 2004) 

Detroit, MI 

1985-1990 

1992-1994 

All cause; 

respiratory; 

circulatory; 

cause-specific 

1985-1990: 
23.3 ppb, 24-h 
avg 

1992-1994: 
21.3 ppb, 24-h 
avg 

PM10, PM2.5, 

PM10-2.5, SO42-, H+, 

O3, SO2, CO; 

two-pollutant 

models 

0, 1, 2, 3, 0-1, 

0-2, 0-3 

Poisson GAM, 

reanalyzed with 

stringent convergence 

criteria; Poisson GLM. 
Numerical NO2 risk 
estimates were not 
presented in the re-
analysis. Time-series 
study.  

Poisson GAM:  

All cause:  

Lag 1:  

1985-1990:  

0.9% (-1.2, 3.0) 

1992-1994:  

1.3% (-1.5, 4.2) 

Lipfert et al. 
(2000) 

Seven counties 
in Philadelphia, 
PA area 

1991-1995 

All cause; 

respiratory; 

cardiovascular; 

all ages; age 

65+ yrs; age 

<65 yrs; various 

subregional 

boundaries 

20.4 ppb, 24-h 
avg  

PM10, PM2.5, 

PM10-2.5, SO4, 

O3, other PM 

indices, NO2, SO2, 

CO; two-pollutant 

models 

0-1 Linear with 19-day 

weighted avg 

Shumway filters.  

Time-series study. 
Numerous results. 

All-cause, avg of 
0- and 1-day lags, 
Philadelphia:  

2.2% (p > 0.05) 
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Chock et al. 
(2000) 

Pittsburgh, PA 

1989-1991 

All cause; age 

<74 yrs; 

age 75+ yrs 

Not reported.  PM10, NO2, SO2, 

CO; two-, five-, 

and six-pollutant 

models 

0, plus minus 3 
days 

Poisson GLM. Time-
series study. Numerous 
results 

All cause, lag 0, 
age  
0-74: 0.5% (-2.4, 
3.5); age 75+: 
1.0% (-1.9, 4.0) 

De Leon et al. 
(2003) 

New York City, 
NY 

1985-1994 

Circulatory and 

cancer with and 

without 
contributing 

respiratory causes 

40.6 ppb, 24-h 
avg  

PM10, O3, SO2, 

CO; two-pollutant 

models 

0 or 1 Poisson GAM with 

stringent convergence 

criteria; Poisson GLM. 

Time-series study. 

Gaseous 
pollutants results 
were given only in 
figures. 
Circulatory:  

Age < 75: ~1%  

Age 75+: ~2% 

Klemm and 
Mason (2000); 
Klemm et al. 
(2004) 

Atlanta, GA 

Aug 1998-July 
2000 

All cause; 

respiratory; 

cardiovascular; 

cancer; other; age 

<65 yrs; age 

65+ yrs 

51.3 ppb, max 1-
h.  

PM2.5, PM10-2.5, 

EC, OC, O3, 

SO42-, 

NO3, SO2, CO 

0-1 Poisson GLM using 
quarterly, moly, or 
biweekly knots for 
temporal smoothing. 
Time-series study. 

All cause, age 65+ 
yrs: avg 0-1 days 

Quarterly knots:  

1.0% (-4.2,6.6); 

Moly knots:  

3.1% (-3.0, 9.7); 

Bi-wkly knots:  

0.9% (-5.9, 8.2) 

Gwynn et al. 
(2000) 

Buffalo, NY 

Time-series 
study. 

All cause; 
respiratory; 
circulatory 

24-h avg 21 ppb PM10, CoH, O3, SO2, 
CO, H+, SO42- 

 Poisson GAM with 

Default convergence 
criteria. 

All cause (lag 3): 
2.1% (-0.3, 4.6);  

Circulatory (lag 2): 
1.3% (-2.9, 5.6); 
Respiratory (lag 
1): 6.4% (-2.5, 
16.2) 

CANADA 
Burnett et al. 
(2004) 

12 Canadian 
cities 1981-1999 

All cause 24-h avg ranged 
from 10 (Saint 
John) to 26 
(Calgary) ppb.  

PM2.5, PM10-2.5, O3, 
SO2, CO 

1, 0-2 Poisson GLM. Time-
series study.  

Lag 0-2, single-
pollutant: 2.0%  
(1.1, 2.9); with O3: 
1.8% (0.9, 2.7) 

Days when PM 
indices available, 
lag 1, single-
pollutant: 2.4% 
(0.7, 4.1); with 
PM2.5: 3.1% (1.2, 
5.1) 

Burnett et al. 
(2000); re-
analysis (2003) 

8 Canadian cities 
1986-1996 

All cause 24-h avg ranged 
from 15 
(Winnipeg) to 26 
(Calgary) ppb.  

PM2.5, PM10, 

PM2.5-10, SO2, 

O3, CO 

0, 1, 0-2 Poisson GAM with 

default convergence 

criteria. Time-series 

study. The 2003 re-
analysis did not 
consider gaseous 
pollutants.  

Days when PM 
indices available, 
lag 1, single-
pollutant: 3.6%  
(1.6, 5.7); with 
PM2.5: 2.8% (0.5, 
5.2) 

Burnett et al. 
(1998a), 11 
Canadian cities 
1980-1991 

All cause 24-h avg ranged 
from 14 
(Winnipeg) to 28 
(Calgary) ppb.  

SO2, O3, CO 0, 1, 2, 0-1, 0-2 
examined but 
the best 
lag/averaging for 
each city chosen

Poisson GAM with 
default convergence 
criteria. Time-series 
study.  

Single-pollutant: 
4.5% (3.0, 6.0); 
with all gaseous 
pollutants: 3.5% 
(1.7, 5.3) 

Burnett et al. 
(1998b), Toronto, 

1980-1994 

All cause 24-h avg 25 ppb SO2, O3, CO, TSP, 
COH, estimated 
PM10, estimated PM2.5 

0, 1, 0-1 Poisson GAM with 

default convergence 

criteria. Time-series 

study.  

Single-pollutant 
(lag 0): 1.7% (0.7, 
2.7); with CO: 
0.4% (-0.6, 1.5) 
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Vedal et al. 
(2003) 

Vancouver, 
British 

Columbia, 
Canada 

1994-1996 

All cause; 

respiratory; 

cardiovascular 

17 ppb, 24-h avg PM10, O3, SO2, 

CO 

0, 1, 2 Poisson GAM with 
stringent convergence 
criteria. Time-series 
study. By season.  

Results presented 
in figures only. 
NO2 showed 
associations in 
winter but not in 
summer.  

Villeneuve et al. 
(2003) 

Vancouver, 
British 

Columbia, 
Canada 

1986-1999 

All cause; 
respiratory; 
cardiovascular; 
cancer; 
socioeconomic 
status 

19 ppb, 24-h avg PM2.5, PM10, 

PM10-2.5, TSP, 

coefficient of 

haze, SO42-, SO2, 

O3, CO 

0, 1, 0-2 Poisson GLM with 
natural splines.  

Time-series study. 

All yr:  

All cause  

Lag 1: 4.0%  
(0.9, 7.2) 

Respiratory:  

Lag 0: 2.1%  

(-3.0, 7.4) 

Cardiovascular:  

Lag 0: 4.3%  
(-4.2, 13.4) 

Goldberg et al. 
(2003) 

Montreal, 
Quebec, Canada 

1984-1993 

Congestive Heart 
Failure (CHF) as 
underlying cause 
of death vs. those 
classified as 
having congestive 
heart failure 1 yr 
prior to death 

22 ppb, 24-h avg PM2.5, coefficient 

of haze, SO42-, 

SO2, O3, CO 

0, 1, 0-2 Poisson GLM with 
natural splines.  

Time-series study. 

CHF as underlying 
cause of death:  

Lag 1: 1.0%  
(-5.1, 7.5) 

Having CHF 1 yr 
prior to death:  

Lag 1: 3.4%  
(0.9, 6.0) 

EUROPE 
Samoli et al. 
(2006)  

30 APHEA2 
cities. Study 
periods vary  

by city, ranging 
from 1990 to 
1997 

All cause, 
respiratory; 
cardiovascular 

1-h max ranged 
from 24 
(Wroclaw) to 81 
(Milan) ppb 

BS, PM10, SO2, O3 01 Poisson model with 
penalized splines.  

All-cause: single: 
1.8% (1.3, 2.2); 
with SO2: 1.5% 
(1.0, 2.0) 

Cardiovascular: 
single: 2.3%  
(1.7, 3.0); with 
SO2: 1.9% (1.1, 
2.7) 

Respiratory: 
single: 2.2% (1.0, 
3.4); with SO2: 
1.1%  
(-0.4, 2.6) 

Samoli et al. 
(2005)  

9 APHEA2 cities. 
Period not 
reported.  

All-cause The selected 
cities had 1-h 
max medians 
above 58 ppb and 
the third quartiles 
above 68. 

None 01 Poisson model with 
either non-parametric or 
cubic spline smooth 
function in each city, 
and combined across 
cities.  

No numeric 
estimate 
presented. The 
concentration-
response was 
approximately 
linear.  
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Touloumi et al. 
(1997) 

Six European 
cities:  

London, Paris, 
Lyon,  

Barcelona, 
Athens, Koln. 

Study periods 
vary by city, 
ranging from 
1977 to 1992 

All cause Ranged from 37 
(Paris) to 70 
(Athens) ppb, 1-h 
max 

BS, O3; two-pollutant 
models 

0, 1, 2, 3, 0-1, 0-
2, 0-3 (best lag 
selected for 
each city) 

Poisson autoregressive. 
Time-series study. 

All-cause: Single-
pollutant model:  

1.0% (0.6, 1.3); 

With BS:  

0.5% (0.0, 0.9). 

Zmirou et al. 
(1998) 

Four European 
cities: London, 
Paris, Lyon, 
Barcelona  

Study periods 
vary by city, 
ranging from 
1985-1992 

Respiratory; 
cardiovascular  

Ranged from 24 
(Paris) to 37 
(Athens) ppb in 
cold season and 
23 (Paris) to 37 
(Athens) ppb in 
warm season, 24-
h avg 

BS, TSP, SO2, O3 0, 1, 2, 3, 0-1, 0-
2, 0-3 (best lag 
selected for 
each city) 

Poisson GLM. Time-
series study. 

Western Europe:  

Respiratory:  

0.0% (-1.1, 1.1) 

Cardiovascular:  

0.8% (0.0, 1.5) 

Biggeri et al. 
(2005) 

8 Italian cities,  

Period variable 
between  
1990-1999 

All cause; 
respiratory; 
cardiovascular 

24-h avg ranged 
from 30 (Verona) 
to 51 (Rome) ppb 

Only single-pollutant 
models; O3, SO2, CO, 
PM10 

0-1 Poisson GLM. Time-
series study. 

All cause: 3.6% 
(2.3, 5.0) 

Respiratory:  
5.6% (0.2, 11.2) 

Cardiovascular:  
5.1% (3.0, 7.3) 

Anderson et al. 
(1996) London, 
England 

1987-1992 

 

All cause; 
respiratory; 
cardiovascular 

37 ppb, 24-h avg BS, O3, SO2; 
two-pollutant models  

0, 1 Poisson GLM. Time-
series study. 

All cause (Lag 1): 
0.6% (-0.1, 1.2); 

Respiratory (lag 
1):  
-0.7% (-2.3, 1.0)  

Cardiovascular:  
0.5% (-0.4, 1.4) 

Bremner et al. 
(1999) London, 
England 

1992-1994 

All cause; 
respiratory; 
cardiovascular; all 
cancer; all others; 
all ages; age 
specific (0-64, 
65+, 65-74, 75+ 
yrs) 

34 ppb, 24-h avg BS, PM10, O3, SO2, 
CO; two-pollutant 
models 

Selected best 
from  
0, 1, 2, 3, (all 
cause); 

0, 1, 2, 3, 0-1, 0-
2,  
0-3 (respiratory, 
cardiovascular) 

Poisson GLM. Time-
series study. 

All cause (lag 1):  
0.9% (0.0, 1.9) 

Respiratory (lag 
3):  
1.9% (-0.3, 4.2) 

Cardiovascular 
(lag 1): 1.9% (0.6, 
3.2) 

Anderson et al. 
(2001) 

West Midlands 
region, England 

1994-1996 

All cause; 
respiratory; 
cardiovascular. 

37 ppb, 1-h max  PM10, PM2.5,  

PM2.5-10, BS, SO42-, 
O3, SO2, CO 

 

0-1 Poisson GAM with 
default convergence 
criteria. Time-series 
study. 

All cause:  

1.7% (-0.5, 3.8) 

Respiratory:  

3.3% (-1.9, 8.8) 

Cardiovascular:  

3.1% (-0.2, 6.4) 

Prescott et al. 
(1998) 

Edinburgh, 
Scotland 

1992-1995 

 

All cause; 
respiratory; 
cardiovascular; all 
ages; age <65 
yrs; age ≥ 65 yrs 

26 ppb, 24-h avg BS, PM10, O3, SO2, 
CO; two-pollutant 
models 

0 Poisson GLM.  
Time-series study. 

Results presented 
as figures only. 
Essentially no 
associations in all 
categories. Very 
wide confidence 
intervals.  



 

6-130 

REFERENCE, 
STUDY 

LOCATION, 
AND PERIOD 

OUTCOME 
MEASURE 

MEAN NO2 
LEVELS 

COPOLLUTANTS 
CONSIDERED 

LAG 
STRUCTURE 
REPORTED 

METHOD/DESIGN EFFECT 
ESTIMATES 

Le Tertre et al. 
(2002) 

Le Havre, Lyon, 
Paris, Rouen, 
Strasbourg, and 
Toulouse, France 

Study periods 
vary by city, 
ranging from 
1990-1995 

All cause; 
respiratory; 
cardiovascular 

Ranged from  
15 (Toulouse) to 
28 (Paris) ppb,  
24-h avg  

BS, O3, SO2 0-1 Poisson GAM with 
default convergence 
criteria. Time-series 
study.  

Six-city pooled 
estimates:  

All cause:  
2.9% (1.6, 4.2) 

Respiratory:  
3.1% (-1.7, 8.0) 

Cardiovascular:  
3.5% (1.1, 5.9) 

Zeghnoun et al. 
(2001) Rouen 
and Le Havre, 
France 1990-
1995 

 

All cause; 
respiratory; 
cardiovascular 

24-h avg 18 ppb 
in Rouen; 20 ppb 
in Le Havre 

SO2, BS, PM13, O3 0, 1, 2, 3, 0-3,  Poisson GAM with 
default convergence 
criteria. Time-series 
study. 

All cause in Rouen 
(lag 1): 5.5%  
(0.2, 11.1) ; in  
Le Havre (lag 1):  
2.4% (-3.4, 8.5) 

Dab et al. (1996) 

Paris, France  

1987-1992 

 

Respiratory 24 ppb, 24-h avg  BS, PM13, O3, SO2, 
CO 

0 Poisson autoregressive.  
Time-series study. 

Lag1:  

2.1% (3.1, 7.7) 

 

Zmirou et al. 
(1996) 

Lyon, France 

1985-1990 

All cause; 
respiratory; 
cardiovascular; 
digestive 

37 ppb, 24-h avg PM13, SO2, O3 Selected best 
from  
0, 1, 2, 3 

Poisson GLM.  
Time-series study. 

All cause (lag 1):  

1.5% (-1.5, 4.6) 

Respiratory (lag 
2):  

-2.3% (-15.6, 13.0)

Cardiovascular 
(lag 1):  

0.8% (-2.7, 4.3) 

Sartor et al. 
(1995) 

Belgium 

Summer 1994 

All cause; age 
<65 yrs; age 65+ 
yrs 

24-h avg NO2:  

Geometric mean:  

During heat wave 

(42 day period): 
17 ppb 

Before heat wave 

(43 day period): 
15 ppb 

After heat wave  

(39 day period): 
13 ppb 

TSP, NO, O3, SO2 0, 1, 2 Log-linear regression for 
O3 and temperature.  
Time-series study. 

Only correlation 
coefficients 
presented for 
NO2. Unlike O3, 
NO2 was not 
particularly 
elevated during 
the heat wave.  

Hoek et al. 
(2000); 
reanalysis Hoek, 
(2003) 

The Netherlands: 
entire country, 
four urban areas 

1986-1994 

All cause; COPD; 
pneumonia; 
cardiovascular  

24-h avg median: 
17 ppb in the 
Netherlands; 
24 ppb in the four 
major cities 

PM10, BS, SO42-, 
NO3-, O3, SO2, CO; 
two-pollutant models 

1, 0-6 Poisson GAM, 
reanalyzed with 
stringent convergence 
criteria; Poisson GLM. 
Time-series study. 

Poisson GLM:  

All cause:  

Lag 1: 1.9% (1.2, 
2.7) 

Lag 0-6: 2.6% 
(1.2, 4.0); with BS: 
1.3% (-0.9, 3.5); 

Cardiovascular 
(lag 0 6): 2.7% 
(0.7, 4.7). 

COPD (lag 0-6):  
10.4% (4.5, 16.7). 

Pneumonia (lag 0-
6):  
19.9% (11.5, 
29.0). 
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Hoek et al. 
(2001); 
reanalysis Hoek, 
(2003)  

The Netherlands 

1986-1994 

Total 
cardiovascular; 
myocardial 
infarction; 
arrhythmia; heart 
failure; 
cerebrovascular; 
thrombosis-
related 

24-h avg median: 
17 ppb in the 
Netherlands; 
24 ppb in the four 
major cities 

PM10, O3, SO2, CO 1 Poisson GAM, 
reanalyzed with 
stringent convergence 
criteria; Poisson GLM. 
Time-series study. 

Poisson GLM:  

Total 
cardiovascular:  

2.7% (0.7, 4.7) 

Myocardial 
infarction:  

0.3% (-2.6, 3.2) 

Arrhythmia:  

1.7% (-6.6, 10.6) 

Heart failure:  

7.6% (1.4, 14.2) 

Cerebrovascular:  

5.1% (0.9, 9.6) 

Thrombosis-
related:  

-1.2% (-9.6, 8.1) 

Roemer and van 
Wijinen (2001) 

Amsterdam, The 
Netherlands 

1987-1998 

All cause 24-h avg:  

Background sites: 

24 ppb 

Traffic sites:  

34 ppb  

BS, PM10, O3, SO2, 
CO 

1, 2, 0-6 Poisson GAM with 
default convergence 
criteria (only one 
smoother). Time-series 
study. 

Total population 
using background 
sites: Lag 1:  

3.8% (1.7, 5.9); 

Traffic pop. using 
background sites: 
Lag 1: 5.7% (0.6, 
11.0); 

Total pop. using 
traffic sites: Lag 1: 
1.7% (0.4, 3.0) 

Verhoeff et al. 
(1996) 

Amsterdam, The 
Netherlands 

1986-1992  

All cause; all 
ages; age 65+ yrs 

1-h max O3:  

43 µg/m3 

Max 301 

PM10, O3, CO; 
multipollutant models 

NO NO2!!! 

0, 1, 2 Poisson. Time-series 
study. 

1-h max O3 (per 
100 µg/m3) 

All ages:  

Lag 0: 1.8% (-3.8, 
7.8) 

Lag 1: 0.1% (-4.7, 
5.1) 

Lag 2: 4.9% (0.1, 
10.0) 

Fischer et al. 
(2003) The 
Netherlands, 
1986-1994 

All-cause, 
cardiovascular, 
COPD, and 
pneumonia in age 
groups <45, 45-
64, 65-74, 75+ 

24-h avg median 
17 ppb 

PM10, BS, O3, SO2, 
CO 

0-6 Poisson GAM with 
default convergence 
criteria. Time-series 
study. 

Cardiovascular:  

Age <45: -1.3% (-
13.0, 12.1): age 
45-64: -0.4% (-4.8, 
4.3); age 65 74: 
4.4% (0.8, 8.0); 
age 75 and up: 
3.5% (1.4, 5.6) 

Spix and 
Wichman (1996) 
Koln, Germany 
1977-1985 

All-cause 24-h avg 24 ppb; 
1-h max 38 ppb 

TSP, PM7, SO2 0, 1, 0-1 Poisson GLM.  
Time-series study. 

Lag 1: 0.4%  
(-0.4, 1.2) 
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Peters et al. 
(2000b) 

NE Bavaria, 
Germany 

1982-1994 

Coal basin in 
Czech Republic 

1993-1994 

All cause; 
respiratory; 
cardiovascular; 
cancer 

24-h avg:  

Czech Republic:  

17.6 ppb 

Bavaria, 
Germany:  

13.2 ppb 

TSP, PM10, O3, SO2, 
CO 

0, 1, 2, 3 Poisson GLM.  
Time-series study. 

Czech Republic:  

All cause:  

Lag 1: 2.1%  
(-1.7, 6.1) 

Bavaria, Germany: 

All cause:  

Lag 1: -0.1%  
(-3.6, 3.6) 

Michelozzi et al. 
(1998) Rome, 
Italy 1992-1995 

All-cause 24-h avg 52 ppb PM13, SO2, O3, CO 0, 1, 2, 3, 4 Poisson GAM with 
default convergence 
criteria. Time-series 
study. 

Lag 2: all-yr: 1.6% 
(0.4, 2.9);  
Cold season 0.3% 
(-1.2, 1.8); 
Warm season: 
4.2%  
(1.8, -6.6) 

Pönkä et al. 
(1998) 

Helsinki, Finland 

1987-1993 

All cause; 
cardiovascular; 
age <65 yrs, age 
65+ yrs 

24-h avg:  

Median 20 ppb 

TSP, PM10, O3, SO2 0, 1, 2, 3, 4, 5,  
6, 7 

Poisson GLM.  
Time-series study. 

No risk estimate 
presented for 
NO2.  

PM10 and O3 were 
reported to have 
stronger 
associations.  

Saez et al. 
(2002) 

Seven Spanish 
cities, variable 
study periods 
between 1991 
and 1996. 

All cause; 
respiratory; 
cardiovascular 

24-h avg mean 
ranged from 
17 ppb in Huelva 
to 35 ppb in 
Valencia. 

O3, PM, SO2, CO 0-3 Poisson GAM with 
default convergence 
criteria. Time-series 
study.  

All cause:  

2.6% (1.6, 3.6); 

with all other poll.:  

1.7% (0.0, 3.3); 

Respiratory:  

7.1% (-14.0, 33.5) 

Cardiovascular:  

4.4% (-0.2, 9.2) 

Garcia-Aymerich 
et al. (2000) 

Barcelona, Spain 

1985-1989 

All cause; 
respiratory; 
cardiovascular; 
general 
population; 
patients with 
COPD 

Levels not 
reported. 

BS, O3, SO2 Selected best 
avg lag 

Poisson GLM.  
Time-series study. 

All cause:  

General 
population:  

Lag 0-3: 3.3% 
(0.8, 5.8) 

COPD patients:  

Lag 0-2: 10.9% 
(0.4, 22.6) 

Respiratory:  

General 
population:  

Lag 0-1: 3.3% (-
2.3, 9.2) 

COPD patients:  

Lag 0-2: 12.1% (-
4.3, 31.4) 

Cardiovascular: 

General 
population:  

Lag 0-3: 2.4% (-
0.9, 5.8) 

COPD patients:  

Lag 0-2: 4.3% (-
13.6, 25.8) 
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Saez et al. 
(1999) 

Barcelona, Spain 

1986-1989 

Asthma mortality; 
age 2-45 yrs 

Levels not 
reported. 

BS, O3, SO2  0-2 Poisson with GEE. 
Time-series study. 

RR = 4.1 (0.5, 
35.0) 

Sunyer et al. 
(1996) 

Barcelona, Spain 

1985-1991 

All cause; 
respiratory; 
cardiovascular; all 
ages; age 70+ yrs 

1-h max:  

Median:  

Summer: 51 ppb 

Winter: 46 ppb 

BS, SO2, O3 Selected best 
single-day lag 

Autoregressive Poisson. 
Time-series study. 

All yr, all ages: 

All cause:  

Lag 1: 1.9% (0.8, 
3.1) 

Respiratory:  

Lag 0: 1.5% (-1.9, 
5.0) 

Cardiovascular:  

Lag 1: 2.2% (0.5, 
3.9) 

Summer risk 
estimates larger 
than winter risk 
estimates. 

Sunyer and 
Basagãna (2001) 

Barcelona, Spain 

1990-1995 

Mortality in a 
cohort of patients 
with COPD 

Mean not 
reported 

IQR 8.9 ppb 24-h 
avg  

PM10, O3, CO 0-2 Conditional logistic 
(case-crossover) 

7.8% (-2.0, 18.6) 
with PM10:  

3.9% (-12.0, 22.5) 

Sunyer et al. 
(2002) 

Barcelona, Spain 

1986-1995 

All cause, 
respiratory, and 
cardiovascular 
mortality in a 
cohort of patients 
with severe 
asthma 

1-h max: median 
47 ppb; 

24-h avg median 
27 ppb 

PM10, BS, SO2, O3, 
CO, pollen 

0-2 Conditional logistic 
(case-crossover) 

Odds Ratio:  

Patients with 1 
asthma admission: 

All cause:  

1.10 (0.80, 1.51) 

Cardiovascular:  

1.70 (0.96, 2.99) 

Patients with more 
than 1 asthma 
admission:  

All cause:  

2.14 (1.10, 4.14) 

Cardiovascular:  

1.53 (0.46, 5.07) 

Díaz et al. (1999) 

Madrid, Spain 

1990-1992 

All cause; 
respiratory; 
cardiovascular 

24-h avg  

Levels not 
reported. 

TSP, O3, SO2, CO 1, 4, 10 Autoregressive linear. 
Time-series study. 

Only significant 
risk estimates 
were shown. For 
NO2, only 
respiratory 
mortality was 
significantly  
(p < 0.05) 
associated with an 
excess percent 
risk 8.5%.  
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LATIN AMERICA 
Borja-Aburto 
et al. (1997) 

Mexico City 

1990-1992 

All cause; 
respiratory; 
cardiovascular; all 
ages; age <5 yrs; 
age >65 yrs 

1-h max O3:  

Median 155 ppb 

8-h max O3:  

Median 94 ppb 

10-h avg O3  

(8 a.m.-6 p.m.):  

Median 87 ppb 

24-h avg O3:  

Median 54 ppb 

TSP, SO2, CO; two-
pollutant models 

0, 1, 2 Poisson iteratively 
weighted and filtered 
least-squares method. 
Time-series study. 

1-h max O3 (per 
100 ppb):  

All ages:  

Borja-Aburto 
et al. (1998) 

SW Mexico City 

1993-1995 

All cause; 
respiratory; 
cardiovascular; 
other; all ages; 
age >65 yrs 

37.7 ppb, 24-h 
avg 

PM2.5, O3, SO2; two-
pollutant models 

0, 1, 2, 3, 4, 5, 
and multiday 
avg 

Poisson GAM with 
default convergence 
criteria (only one 
smoother). Time-series 
study. 

Lag 1-5:  

All cause: 2.3% (-
1.0, 5.6); 

Cardiovascular: 
2.8% (-3.2, 9.2); 

Respiratory: 4.7% 
(-5.1, 15.5). 

Loomis et al. 
(1999) 

Mexico City 

1993-1995 

Infant mortality 24-h avg 38 ppb PM2.5, O3 0, 1, 2, 3, 4, 5, 
3-5 

Poisson GAM with 
default convergence 
criteria. Time-series 
study.  

Lag 3-5:  

11.4% (2.2, 21.4); 

with PM2.5:  

2.9% (-10.2, 17.8) 

Gouveia and 
Fletcher (2000b) 

São Paulo, Brazil 

1991-1993 

All ages (all 
cause); age <5 
yrs (all cause, 
respiratory, 
pneumonia); age 
65+ yrs (all cause, 
respiratory, 
cardiovascular) 

1-h max: 84 ppb PM10, O3, SO2, CO 0, 1, 2 Poisson GLM.  
Time-series study. 

All ages:  

All cause:  

Lag 0: -0.1% (-0.7, 
0.4) 

Age 65+:  

All cause:  

Lag 1: 0.4% (-0.2, 
1.1) 

Respiratory:  

Lag 2: 1.0% (-0.6, 
2.5) 

Cardiovascular:  

Lag 1: -0.5% (-0.4, 
1.3) 

Pereira et al. 
(1998) 

São Paulo, Brazil 

1991-1992 

Intrauterine 
mortality 

24-h avg 82 ppb PM10, O3, SO2, CO 0-4 Poisson GLM.  
Time-series study. 

Single-pollutant 
model: 5.1% (2.8, 
7.5); 

With other 
pollutants: 4.7% 
(1.6, 7.9) 

Saldiva et al. 
(1994) 

São Paulo, Brazil 

1990-1991  

Respiratory; age 
<5 yrs 

24-h avg NOX 
127 ppb 

PM10, O3, SO2, CO; 
multipollutant models 

0-2 OLS of raw or 
transformed data. Time-
series study. 

NOX slope 
estimate:  

0.007197 
deaths/day/ppb 

(SE 0.003214), p 
= 0.025 
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Saldiva et al. 
(1995) 

São Paulo, Brazil 

1990-1991  

All cause; age 
65+ yrs 

24-h avg NOX 
127 ppb 

PM10, O3, SO2, CO; 
two-pollutant models 

0-1 OLS; Poisson with GEE. 
Time-series study. 

NOX slope 
estimate:  

0.0341 
deaths/day/ppb 

(SE 0.0105) 

Cifuentes et al. 
(2000) Santiago, 
Chile  

1988-1966 

All cause 8-h avg 41 ppb PM2.5, PM10-2.5, CO, 
SO2, O3 

0, 1, 2, 3, 4, 5, 
1-2, 1 3, 1-4, 1-5

Poisson GAM with 
default convergence 
criteria; Poisson GLM. 
Time-series study. 

GLM model, lag 1-
2:  
Single-pollutant: 
1.7% (0.7, 2.7); 
with other 
pollutants: 1.5%  
(0.3, 2.7) 

(per 25ppb 8-h 
avg) 

Ostro et al. 
(1996) Santiago, 
Chile 1989-1991 

All cause 1-h max 56 ppb PM10, O3, SO2; two-
pollutant models 

1 OLS, Poisson.  
Time-series study. 

Poisson, lag 1: -
0.5% (-1.1, 0) 

AUSTRALIA 
Simpson Et Al. 
(2005a,B) 

Brisbane, 
Sydney, 
Melbourne, And 
Perth, Australia 

1996-1999 

All Cause, 
Respiratory, And 
Cardiovascular In 
All Ages; 
Cardiovascular In 
Age 65+ Yrs 

1-H Max Ranged 
From 16 To 
24 ppb 

PM10, PM2.5, Bsp 
(Nephelometer), O3, 
Co 

0, 1, 2, 3, 0-1 Poisson Glm, Gam With 
Stringent Convergence 
Criteria. Time-Series 
Study. 

Lag 0-1, Gam, All-
Cause,  
Single-Pollutant: 
3.4% (1.1, 5.7); 
With Bsp: 3.1% 
(0.3, 5.9); 
Cardiovascular: 
4.3% (0.9, 7.8); 
Respiratory: 
11.4% (3.5, 19.9) 

Simpson et al. 
(2000) 

Brisbane, 
Australia 

1991-1996 

All cause, 
respiratory, and 
cardiovascular in 
all ages; 
cardiovascular in 
age 65+ yrs 

24-h avg: whole 
yr: 12 ppb; cool 
season: 13 ppb; 
warm season 
9 ppb 

PM10, PM2.5, BSP, O3, 
CO 

0, 1, 2, 3, 0-1 Poisson, GAM with 
default convergence 
criteria. Time-series 
study. 

All-cause (lag 1): 
9.7% (4.7, 14.8); 
respiratory: 18.8% 
(1.2, 39.6) 

Morgan et al. 
(1998b) 

Sydney, Australia 

1989-1993 

All cause; 
respiratory; 
cardiovascular  

24-h avg 13 ppb; 
1-h max 26 ppb  

BSP, O3 0-1 Poisson with GEE. 
Time-series study. 

Lag 0-1, single-
pollutant, all-
cause: 3.0% (0.1, 
6.0);  
cardiovascular: 
2.2% (-1.7, 6.4); 
respiratory: 8.6% 
(-0.4, 18.4) 

Simpson et al. 
(1997) 

Brisbane, 
Australia 

1987-1993 

All cause; 
respiratory; 
cardiovascular 

24-h avg 14 ppb; 
1-h max 28 ppb 

PM10, TSP, O3, SO2, 
CO 

0 Autoregressive Poisson 
with GEE. Time-series 
study. 

Lag 0-1, single-
pollutant, all-
cause, all-yr: -
1.0% (-5.2, 3.4); 
summer: -3.6% (-
11.2, 4.7); winter: -
1.2% (-4.0, 6.9) 

ASIA 
Kim et al. 
(2004b) 

Seoul, Korea 

1995-1999 

All cause 24-h avg 33 ppb PM10, O3, SO2, CO; 
two-pollutant models 

1 Poisson GAM with 
stringent convergence 
criteria (linear model); 
GLM with cubic natural 
spline; GLM with B 
mode spline (threshold 
model). Time-series 
study. 

Risk estimates for 
NO2 not reported.  
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Lee et al. (1999) 

Seoul and Ulsan, 
Korea 

1991-1995 

All cause 

 

1-h max O3:  

Seoul:  

32.4 ppb 

10th %-90th % 

14-55 

Ulsan:  

26.0 ppb 

10th %-90th % 

16-39 

TSP, SO2 0 Poisson with GEE. 
Time-series study. 

1-h max O3 (per 
50 ppb):  

Seoul:  

1.5% (0.5, 2.5) 

Ulsan:  

2.0% (-11.1, 17.0) 

Lee and 
Schwartz (1999) 

Seoul, Korea 

1991-1995 

All cause 1-h max O3:  

Seoul:  

32.4 ppb 

10th %-90th % 

14-55 

TSP, SO2 0 Conditional logistic 
regression. Case-
crossover with 
bidirectional control 
sampling. 

1-h max O3  
(per 50 ppb):  

Two controls -- 1 
wk: 

1.5% (-1.2, 4.2) 

Four controls -- 2 
wks:  

2.3% (-0.1, 4.8) 

Kwon et al. 
(2001) 

Seoul, Korea 

1994-1998 

Mortality in a 
cohort of patients 
with congestive 
heart failure 

24-h avg 32 ppb PM10, O3, SO2, CO 0 Poisson GAM with 
default convergence 
criteria; case-crossover 
analysis using 
conditional logistic 
regression.  

Odds ratio in 
general 
population:  
1.1% (-0.3, 2.5) 

Congestive heart 
failure cohort:  

15.8% (1.8, 31.7) 

Ha et al. (2003) 

Seoul, Korea 

1995-1999 

All cause; 
respiratory; 
postneonatal (1 
mo to 1 yr); age 2 
64 yrs; age 65+  

24-h avg 33 ppb PM10, O3, SO2, CO 0 Poisson GAM with 
default convergence 
criteria. Time-series 
study. 

All cause for 
postneonates: 
0.8% (-5.7, 7.7); 
age 65+: 3.8% 
(3.7, 3.9) 

Hong et al. 
(2002) 

Seoul, Korea 

1995-1998 

Acute stroke 
mortality 

24-h avg 33 ppb  PM10, O3, SO2, CO 2 Poisson GAM with 
default convergence 
criteria. Time-series 
study.  

4.3% (1.6, 7.0) 

Tsai et al. 
(2003b) 

Kaohsiung, 
Taiwan 

1994-2000 

All cause; 
respiratory; 
cardiovascular; 
tropical area 

24-h avg 29 ppb PM10, SO2, O3, CO 0-2 Conditional logistic 
regression. Case-
crossover analysis. 

Odds ratios:  

All cause:  

0.1% (-5.9, 6.6); 

Respiratory:  

-1.0% (-22.2, 
25.9); 

Cardiovascular:  

-1.8% (-14.0, 12.1)

Yang et al. 
(2004b) 

Taipei, Taiwan 

1994-1998 

All cause; 
respiratory; 
cardiovascular; 
subtropical area 

24-h avg 31 ppb PM10, SO2, O3, CO 0-2 Conditional logistic 
regression. Case-
crossover analysis. 

Odds ratios:  

All cause: 0.6% (-
3.9, 5.2); 

Respiratory: 2.5% 
(-13.1, 20.8); 

Cardiovascular:  

-1.1% (-9.5, 8.0) 
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Wong et al. 
(2001b) 

Hong Kong 

1995-1997 

All cause; 
respiratory; 
cardiovascular 

24-h avg 25 ppb 
in warm season; 
33 ppb in cold 
season 

PM10, O3, SO2; two-
pollutant models 

0, 1, 2 Poisson GAM with 
default convergence 
criteria. Time-series 
study. 

All cause (lag 1):  

2.6% (0.9, 4.4); 

Respiratory (lag 
0):  

6.1% (-1.8, 10.5); 

Cardiovascular 
(lag 2):  

5.2% (1.8, 8.7) 

Wong et al. 
(2002) 

Hong Kong 

1995-1998 

Respiratory; 
cardiovascular; 
COPD; 
pneumonia and 
influenza; 
ischemic heart 
dis.; 
cerebrovascular 

24-h avg 29 ppb PM10, O3, SO2; two-
pollutant models 

0, 1, 2, 0-1, 0-2 Poisson GLM. Time-
series study. 

Respiratory (0-1):  

5.1% (1.6, 8.7); 

Cardiovascular 
(lag 0-2):  

3.1% (-0.2, 6.5) 

Hedley et al. 
(2002) 

Hong Kong 

1985-1995 

Intervention July 
1990 (switch to 
low sulfur- 
content fuel) 

All cause; 
cardiovascular; 
respiratory; 
neoplasms and 
other causes; all 
ages; age 15-64 
yrs; age 65+ yrs 

Avg moly NO2:  

Baseline: 29 ppb 

1 yr after 
intervention: 
25 ppb 

2-5 yrs after 
intervention: 
28 ppb 

SO2 (main pollutant of 
interest, 45% 
reduction observed 
5 yrs after 
intervention), PM10, 
SO42-, NO2 

Moly avgs 
considered 
without lags 

Poisson regression of 
moly avgs to estimate 
changes in the increase 
in deaths from warm to 
cool season. Annual 
proportional change in 
death rate before and 
after the intervention 
was also examined. 

Declines observed 
in all cause (2.1%, 
p = 0.001), 
respiratory  

(3.9%, p = 0.001), 
and 
cardiovascular  

(2.0%, p = 0.020) 
mortality after the 
intervention. 

As NO2 levels did 
not change before 
and after the 
intervention, NO2 
likely did not play 
a role in the 
decline in 
observed mortality.

Yang et al. 
(2004b) 

Taipei, Taiwan 

1994-1998 

 

All cause; 
respiratory; 
cardiovascular; 
subtropical area 

24-h avg 31 ppb PM10, SO2, O3, CO 0-2 Conditional logistic 
regression. Case-
crossover analysis. 

Odds ratios:  

All cause:  

0.6% (-3.9, 5.2); 

Respiratory:  

2.5% (-13.1, 20.8); 

Cardiovascular:  

-1.1% (-9.5, 8.0) 
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